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The failure prediction of composite materials is hindered by the lack of accurate theories and 
difficulties in generating reliable experimental data. To complement the latter, this thesis aims to investigate 
the behaviour of carbon/epoxy materials under multi-axial loadings using thin-plies. By controlling the 
failure mechanism of composite laminates, the effect of different stress components can be looked at with 
regard to the failure strain/strength of the material. An expedient to that is utilizing a very thin-ply carbon/ 
epoxy material (with a ply thickness of only 0.03 mm) that allows unwanted damage mechanisms to be 
suppressed. Multi-axial stress states are created in the unidirectional (UD) material under uniaxial tensile 
loading by specially designing the laminates. The thesis also incorporates the basic material characterisation 
of the thin-ply carbon/epoxy that provides the foundation for these novel tests. 
A combined loading of longitudinal tension and transverse compression was applied to the UD 
thin-ply composite through the scissoring deformation of angle-ply blocks of the same material in which 
the UD plies were embedded. Three different angle-ply thin-ply laminates were designed using classical 
laminate analysis (CLA) with varying amounts of transverse compression. It was found that the transverse 
stresses have very little effect on the failure strain of the thin-ply material. Additionally, one of the key 
limitations of tensile tests – stress concentrations arising due to gripping effects – was also addressed using 
a recently developed novel hybrid composite test approach. 
A biaxial stress state of longitudinal tension and transverse tension was induced in the UD ply 
block where transverse tension was due to the indirectly generated residual thermal stresses in the cross-
ply laminates. The effect of ply thickness on the fibre failure strain was investigated by designing four 
different cross-ply configurations with varying thickness 90° blocks adjacent to the central 0° plies. 
Advanced instrumentation including in-situ and quasi-in-situ X-Ray Computed Tomography (X-CT) and 
acoustic emission (AE) were utilized to detect and monitor damage accumulation in the specimens. It was 
found that thin-ply materials are indeed capable of suppressing transverse micro-cracking. The initiation of 
edge cracks and their progression into the bulk of the material were considered with respect to their effect 
on failure. A small degradation of the fibre failure strain was found as the 90°-layer thickness increased in 
the laminates mainly due to the development of edge/transverse cracks. Overall, ply thickness was found 
to have a small effect on the longitudinal failure strain whereas there was no evidence to suggest an effect 
for the transverse tensile stresses. 
Furthermore, a recently published novel tensile test method is investigated further and used to 
determine the longitudinal compressive strength under a combined longitudinal compression and transverse 
tension state of stress. An advanced failure criterion called ONERA progressive failure model (OPFM) and 
the design of experiments (DOE) were used to design the laminates and optimize the stacking sequence. 
Material behaviour was investigated with respect to non-linearity of the carbon fibre as well as the effect 
of ply thickness. The compressive loading was indirectly applied to the 90° layers through the scissoring 
deformation from the high Poisson ratio of angle plies in which they were embedded. Measurements were 
carried out using AE, digital image correlation (DIC), video and virtual strain gauge measurements. Post 
failure, optical microscopy and Scanning Electron Microscopy (SEM) imaging were carried out to highlight 
the damage state of the coupons. Stress concentrations were addressed by manufacturing shoulder ended 
specimens. Gauge section compressive failure (fibre kinking) was found in the specimens. The effect of 
ply thickness on the fibre failure strain was investigated and it was shown that this resulted in higher failure 
strain/strength values for thinner 90°-layer thickness laminates. 
Additionally, the development and fundamental characterization of thin-ply glass/carbon hybrid 
composite overload sensors which show a striped pattern if triggered are presented along with the proof of 
concept on a demonstrator application. By doing so, a visual indication of damage can be observed that can 
be further utilized as a novel structural health monitoring concept for composite and metallic components 
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LIST OF NOTATIONS AND ABBREVIATIONS 
It has to be noted that the latin and greek letters shown below do not reflect specific expressions 
but general notations. For specific meaning of different notations, the reader is referred to the text 
of the thesis.  
Latin letters 
Notation Description Unit 
A Crack area m2 
A A matrix  N/m 
df Filament diameter µ 
E Youngs modulus N/m2 ,Pa 
G Energy release rate N/mm 
Gc Critical energy release rate N/mm 
G Shear modulus N/m2 ,Pa 
h Thickness m 
L Length m 
m Weight fraction % 
M Weight/mass kg 
N Load/unit width N/m 
Q Compliance matrix N/m2 
𝑄"  Transformed stiffness matrix N/m2 
T Temperature °C 
t Thickness m 
U Internal strain energy J 
V Volume m3 
V Volume fraction - 
V Lamination parameter - 
W Work of external forces J 
w Width m 
 
Greek letters 
Notation Description Unit 
𝛼 Coefficient of Thermal Expansion 1/K 
ε Strain (elongation) - 
ν Poisson's ratio - 
σ Stress/strength N/m2 ,Pa 
ρ Density kg/m3 
τ Shear strength N/m2 ,Pa 









3PB Three-point bend 
4PB Four-point bend 
AE Acoustic Emission 
AP Angle-Ply 
ASTM American Society of Testing and Materials 
CDM Continuum Damage Mechanics 
CFRP Carbon Fibre Reinforced Plastic 
CLA Classical Laminate Analysis 
CLT Classical Laminate Theory 
CNC Computer Numerical Control 
CPT Cured Ply Thickness 
CTE Coefficient of Thermal expansion 
CoV Coefficient of Variation 
DIC Digital Image Correlation 
DOE Design of Experiments 
EMI Electromagnetic Interference 
ESPI Electronic Speckle Pattern Interferometry 
FAW Fibre Aerial Weight 
FBG Fibre Bragg Grating 
FC Fibre Content 
FEA Finite Element Analysis 
FEM Finite Element Model 
FF Fibre Failure 
FOS Fibre Optic Sensors 
FRC Fibre-reinforced composite 
FRP Fibre-reinforced Polymer 
HiPerDuCT High Performance Ductile Composite Technology 
HS High strength 
ICSTM Imperial College of Science, Technology and Medicine 
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Fibre reinforced polymers (FRPs) are at the forefront of a generation of materials 
that are used to advance both the evolutionary and revolutionary development of today’s 
engineering structures. The former one means incremental improvements to the property 
of existing materials or structures, the latter one means the development of new materials 
[1]. Their superior properties such as high specific strength and stiffness, enhanced 
chemical and corrosion resistance and good fatigue properties enable them to satisfy the 
increasing demands of the aerospace [2] and automotive industries [3], civil engineering 
[4] and sporting goods [5].  
Besides the improvement of mechanical performance, one of the key driving 
factors for using composite materials is weight savings [6]. Since the invention of carbon 
fibre in 1958 and the development of its commercial production in the 1960s [7], [8], an 
exponential increase can be observed in the use of composite materials, especially in the 
aerospace industry [1]. As an example, Figure 1.1 illustrates how the use of composites 
by weight percent continuously increases over the years in different civilian and military 
aircraft as a function of the year of their introduction. 
With regard to aerospace, composites nowadays are utilised in both primary and 
secondary structures: bolted structures, joints [9], guide vanes, fan blades, wing spars, in 
the fuselage and window/door frames, to name but a few [1], [10]. Since 1982, when the 
first primary composite structure (horizontal stabiliser for the Boeing 737) was certified, 
the use of composite structures continued to increase. A great example of that is the 




reinforced composites [1]. An illustration of the composite applications on the A380 
aircraft is shown in Figure 1.2 [11]. 
 
Figure 1.1. Weight percent (wt%) of composite materials used in different types of aircraft 
obtained from [1]. 
 
 
Figure 1.2. Illustration of fibre reinforced composite applications obtained with the 





One of the greatest advantages of fibre reinforced polymers is their versatility: 
they can be tailor-designed for the application by e.g. meeting specific design 
requirements (strength/stiffness) through different lay-ups, and constituent materials 
which are crucial as they are used in components with more and more complex geometries 
and loading conditions. 
However, FRPs are anisotropic and heterogeneous, making their application 
challenging in an industrial setting due to the complexity of structural design while 
ensuring that the component meets the desired specifications, properties as well as safety 
requirements. Furthermore, they are limited by their inherent brittleness leading to sudden 
and catastrophic failure with no significant damage or detectable warning in advance, so 
structures that pass visual inspection can fail at lower loads than expected [12]. 
 
1.2. Problem statement and objectives 
 
One of the greatest challenges – that has been widely investigated today and in 
past decades - is to predict and accurately model the failure of composite materials. Their 
failure mechanisms are very complex and different from metals: there are numerous 
failure modes which can not only influence material behaviour individually but also 
interact with each other in distinct ways. These failure modes are highly dependent on the 
stress state in the material, the geometry of the specimens, the stacking sequence, the 
material properties, and any manufacturing or service induced defects to name but a few 
[13]. Especially under multi-axial loadings resembling real-life conditions – external 
loads acting in a combined fashion – it is immensely important to predict and determine 
the real behaviour of composite materials. 
Failure and strength prediction get more and more complex when trying to 
determine the exact definition of failure or to validate predictions with reliable 
experimental data. This is underpinned by the findings of the world’s most extensive 
research program on failure of composites namely ‘The World-Wide Failure Exercises’ 




that can be universally accepted to predict failure in such fibrous materials. Furthermore, 
there is a paucity of accurate experimental data in the literature [18], [19]. Even for 
unidirectional (UD) laminates, accurately determining their fundamental mechanical 
properties such as failure strain or strength is still a scientific challenge [18].  
Consequently, the main research question of the PhD Thesis arises: How can we 
determine material strength under multi-axial loadings more accurately? This question is 
tackled throughout the Thesis from two different perspectives. 
On one hand, as composite structural design and failure analysis is most often 
defined on the scale of the elementary UD ply, it is crucial to determine the UD ply 
strength in the most accurate way possible. This PhD thesis introduces novel testing 
concepts that can help improve existing methods in determining design allowables such 
as longitudinal tensile and compressive strength. The ultimate strength of UD 
carbon/epoxy laminates is often underestimated due to the experimental strength 
measurements being affected by stress concentrations at the end-tab regions of the 
coupons [20]. Usually, a significant knock-down in their measured strength can be 
observed accompanied by either premature failure of the specimens or notably lower 
measured strains than the expected ultimate failure strain of the utilised fibres. 
Consequently, for more complex cases such as testing under biaxial loading conditions, 
the difficulty of acquiring acceptable data magnifies due to issues that include but are not 
limited to edge effects, gripping related issues, quality of the materials and the consistency 
of coupon fabrication and testing [18].  
Alternatively, establishing composite material behaviour in realistic operation 
conditions (under multi-axial loadings) can aid the validation of well-established and used 
failure criteria as well as predictive models. In the PhD Thesis, empirical data are 







Ultimately the main objectives identified are: 
1.  To determine the real effect of different stress components on the fibre direction 
strain to failure of the utilized UD thin-ply, carbon/epoxy material, 
2. To design laminates and novel testing concepts that allow for the creation of multi-
axial stress states in a simple tensile test configuration, and 
3. To provide a visual indication of damage by purpose designing for a specific 
failure mechanism. 
 
It has to be noted that the objectives identified above were modified as the work 
progressed throughout the PhD. In Chapter 5 and 6, the objective of determining the effect 
of transverse tensile stresses on tensile and compressive failure respectively was modified 
to look at the effect of transverse cracking on the failure stress as well as to investigate 
the effect of changing ply block thickness on transverse cracking. 
The means to achieve such objectives was through controlling the damage 
behaviour of composite laminates so that controlled failure can be obtained. The key 
methodologies to do that were: 
• Using novel, thin-ply carbon fibre/epoxy materials to isolate failure 
mechanisms; 
• Purpose designing composite laminates to achieve/promote the desired failure 
mode; and 
The utilisation of thin-ply materials allows for suppressing undesired damage 
mechanisms that usually precipitate the sudden failure of composites: transverse micro-
cracking and edge delamination. Additionally, thin-ply materials can also be used to 
promote a specific failure mechanism hence allowing for controlling the damage process 
up to the final failure of the composite. A side benefit of controlling failure this way is 
the visual indication of overload and the corresponding damage in composite 
structures/components (exhibiting a striped pattern when reaching a certain strain level) 




Besides, further understanding the failure mechanisms of such thin- plies can add 
great value to the conventional ways of designing composite structures. If the basic 
mechanical properties of unidirectional laminae can be predicted and determined more 
accurately, the true potential of the composite material can be exploited by using less 
conservative design envelopes, smaller safety margins and ultimately it would result in a 
reduction of cost and product lead time as well as a safer operation in service due to 
increased confidence in structural design and analysis. 
 
1.3. Thesis outline   
 
The work carried out to fulfil the main objectives of the PhD is divided into the following 
chapters: 
Chapter 1 gives a brief introduction to composite materials including their main areas of 
use and some examples of structural applications in the aerospace industry. It highlights 
the main issues when designing composite structures and the challenges associated with 
the failure prediction of such materials. It defines the objectives of the PhD thesis and the 
structure of the research by outlining the chapters.  
Chapter 2 introduces a general overview of failure prediction and damage modelling 
methods as well as damage mechanisms of composite materials based on the available 
literature. 
Chapter 3 describes the material of choice for this thesis including an investigation into 
the characteristics and mechanical properties of the material. 
Chapter 4 presents a novel test method for generating a multi-axial load case of 
longitudinal fibre tension and transverse compression that is indirectly put on the UD 
thin-ply composite laminate through the scissoring deformation of the embedding angle-
ply blocks of the same material. The amount of transverse compression is varied through 




Chapter 5 presents a multi-axial load case of longitudinal tension and transverse tension 
that is indirectly applied to the UD thin-ply composite laminate through the residual 
thermal stresses that are induced in the examined cross-ply laminates. The effect of 90° 
ply thickness on the 0° fibre failure strain was also investigated.  
Chapter 6 presents a novel test method that is used to determine the longitudinal 
compressive strength of the material under a combined longitudinal fibre compression 
and transverse tension state of stress. A progressive failure criterion called ONERA 
progressive failure model (OPFM) and the design of experiments (DOE) was used to 
design the laminates. The effect of ply thickness on the fibre direction failure strain was 
also investigated. 
Chapter 7 investigates the concept of providing a visual indication of damage through 
purpose designing hybrid composites that exhibit a specific failure mechanism. A new 
UD hybrid composite sensor concept is presented and investigated which can be used for 
structural health monitoring of both composite and metallic structures. 
Chapter 8 describes the applicability of the fundamental research work carried out in this 
thesis and talks about the potential impact of the findings in industry. Furthermore, it 
concludes the work carried out in the PhD thesis and indicates potential future work that 








The issues relating to the failure prediction of composites can generally be divided into 
two different categories: the development of accurate theories and generating good 
experimental data. According to Christensen [18] out of the two, reliable data acquisition 
- conceiving and performing quality testing - tends to be the more severe issue. Reliable 
data in this context means reproducible, i.e. that would provide the same experimental 
result if repeated or acquired in a different environment using the same circumstances, 
conditions and assumptions. The lack of reliable measurements [21] makes it very 
difficult to choose the appropriate criteria over one another, to effectively validate the 
existing theories or to compare them with each other. To highlight this, some of the vast 
diversity of theories available in failure prediction and modelling is briefly presented in 
this chapter. A review of the most often used biaxial testing methods for composite 
materials is discussed. This way the research presented in the following chapters can be 
put into context, where novel laminate designs and testing methods are presented to 
induce biaxial stress states in the investigated thin-ply carbon epoxy material. 
Furthermore, some of the key failure /damage modes in composite materials are also 
presented to shed light on the complex interactions that may occur. The literature 
presented is non-exhaustive due to the vast amount of work done in the different areas. 
Each chapter in the thesis also includes separate references that are relevant to the specific 





2.1. Damage mechanisms in fibre reinforced composite laminates 
 
There are several failure modes that can occur in a composite lamina under 
longitudinal tensile loading. The failure mechanisms are shown in Figure 2.1 as 
reproduced from [22].  
These mechanisms are strongly dependent on the characteristics of the fibre and 
matrix materials and because they interact with each other, they do not have a consistent 
sequence of damage onset. Damage could occur during manufacturing, assembly or due 
to the mechanical and/or environmental loads hence the mechanisms can be categorized 
as process-induced or service-induced damage [23].  
 
Figure 2.1. Typical damage modes of unidirectional (UD) lamina under tensile loading 
reproduced from [22].  
 
A short explanation of key mechanisms is presented in the following. However, 
certain damage mechanisms are discussed in further detail when they are directly relevant 
to a specific loading case: e.g. matrix cracking in cross-ply laminates in Chapter 5 and 





2.1.1. Matrix cracking 
 
Matrix cracking is usually the first damage that occurs in fibre-reinforced 
composites comprised of standard thickness plies (t ≥ 125 µm) and often takes place when 
the strength of the matrix is exceeded, at interfaces or due to stress concentrations [24]. 
It is strongly influenced by the ply orientations within the laminate, the stacking sequence 
and ply thicknesses [25]. The first cracks appearing under load will grow and propagate 
through and along the structure leading to other damage initiating and the degradation of 
the structure up to a critical point where it is rendered unsafe for operation. This is one of 
the reasons why it is important for researchers to focus on predicting and modelling crack 
initiation and propagation [23]. 
On a macroscopic scale there are two types of matrix cracks: intra-ply and inter-
ply cracks. Intra-ply cracks initiate and run across the thickness of the ply and they 
propagate parallel to the fibres.  
Inter-ply (interlaminar) cracks, also known as ‘delamination’ initiate and 
propagate parallel to ply interfaces. On a microscopic level usually fibre-matrix interfaces 
and randomly existent matrix flaws are the origins of cracks [25]. Their propagation can 
most probably be arrested or blunted at ply or at fibre-matrix interfaces [23]. 
 
2.1.2. Delamination  
 
On a macroscopic level, the most common failure mechanism is delamination, 
that has a particularly important role [13], [21], [26]. There have been a large number of 
criteria proposed to predict and understand the initiation and propagation of delamination. 
The failure criteria utilized usually incorporate combinations of transverse tension, shear 
[27], [28] and sometimes longitudinal tension [29] to describe this highly complex 
damage mechanism but generally fracture mechanics approaches are more common. 
Delamination is usually caused by high interlaminar stresses and results in a significant 




can be distinguished based on where the separation of the layers initiates. Accordingly, 
delamination can initiate at the free edges of the laminate (e.g. at the boundary of a hole 
or at the end of a tubular shaft), or at particular geometrical features such as ply drops or 
under impact loads to name but a few. Besides, buckling driven delamination can be 
distinguished from the types mentioned above when compressive loads are applied [22]. 
Due to stress singularities such as free edges and ply drops, it is difficult to apply stress-
based failure criteria hence the wide use of fracture mechanics approaches to model and 
predict delamination initiation and propagation. A thorough and critical review of the 
state of the art of material constitutive models and composite failure theories regarding 
delamination is presented by Orifici et al. [30]. 
On a micro-scale, but related to delamination, the mechanism of fibre bridging 
(illustrated on Figure 2.1) can take place usually between two distinct crack surfaces in 
composites with a low strength matrix. It reduces the stress at the crack tips as it still 
transfers some stress and allows further interfacial debonding at the fibre-matrix interface 
[23]. 
 
2.1.3. Fibre failure/fracture 
 
Fibre fracture as shown on Figure 2.1 is the most catastrophic of the failure 
mechanisms as the fibres play a primary load carrying role in the composite. Failure could 
be the result of tensile or compressive stresses. Under tensile loading conditions fibres 
fracture when the maximum allowable axial tensile stress (or strain) of the fibre is 
exceeded. The fibre strengths are highly variable and dependent on defects within the 
material as well as on the formation of critical clusters [24]. This thesis investigates the 
influence of additional transverse stresses on tensile fibre failure.  
Following fibre fracture that is accompanied by interfacial debonding [24], in a 
distinct plane to the cracking another micro-mechanism called fibre pull-out can take 
place (see point 1 on Figure 2.1). It happens during crack advancement when this major 




this mechanism is resisted by friction forces at the fibre-matrix interface [23]. Essentially 
this mechanism enhances the toughness of the composite. This mechanism also plays a 
key role in short fibre composites and may increase their fracture energy. 
Also, during crack propagation, the stress field evolving ahead of the crack tip can 
induce shear stress at the fibre-matrix interface leading to another micro-mechanism 
called fibre-matrix interfacial debonding (see point 3 on Figure 2.1). This failure 
mechanism is basically a toughening mechanism for fibre reinforced composites.  
Too low an interfacial shear strength (τ) causes extensive debonding between 
fibres and the matrix phase leading to decoupling of the composite constituents. 
Consequently, the composite structure will lose the advantage of being reinforced due to 
poor stress transfer between fibres and matrix. If τ is too high, it will cause a negligible 
amount of interfacial debonding during the failure of the composite leading to low 
toughness and catastrophic failure [23]. 
 
2.2. Failure prediction and damage modelling methods 
 
 A wide range of approaches have been developed and utilized on different 
structural levels (micro, meso and macro-scale) to tackle the complex issue of predicting 
and modelling the failure of composite materials. The micro-mechanical level represents 
the constituents of the polymer composite lamina: reinforcement, matrix and 
interface/interphase. The failure mechanisms at this level are highly dependent on the 
material properties of the constituents and the loading conditions the lamina is subjected 
to. 
At the meso-mechanical level - between micro scale (constituent level) and 
macro-scale (laminate level) -, it is a lot more difficult to understand failure as additional 
damage mechanisms such as delamination, interlaminar shear failure or combinations of 
inter- and intralaminar damage can also come into effect. Macro- mechanical approaches 
are often preferred in failure analysis when predicting the overall strength of a composite 




into three major categories: failure criteria, progressive damage models and fracture 
mechanics approaches which will be discussed briefly in the following sections. 
2.2.1. Failure criteria 
 
Failure theories generally look at the initial and final parts of the failure locus: 
damage initiation and the ultimate failure of composite materials [13]. The most extensive 
research programs conducted in the past 50 years regarding the failure of composites were 
the World-Wide Failure Exercises (WWFE) Part I.-III. [14]–[17]. The initial exercise 
from 1996 to 2004 was mainly carried out to provide a comprehensive review of the 19 
failure theories available at that time for FRP laminates under two-dimensional (2D) 
stresses, in-plane, biaxial loading cases in the absence of stress concentrations and to 
compare their predictive capabilities directly with each other and against experimental 
measurements [15]. It was concluded that there is no existing failure criterion that can be 
universally accepted to predict the failure of composite structures [13], [32]. In fact, for 
75% of the proposed test cases in the exercise, only a few theories proved successful at 
giving ‘acceptable’ correlation with the provided test data [15]. To illustrate the lack of 
reliability in failure prediction, Figure 2.2 shows the confidence levels displayed by the 
WWFE theories for different parameters and failure mechanisms [33]. 
 
Figure 2.2. Confidence levels predicted by WWFE theories for different failure 




Generally, failure criteria and the failure analysis of composite laminates can be 
categorized as (i) Lamina failure criteria or (ii) Laminate failure criteria where the latter 
one is often comprised of laminate stress analysis with lamina stiffness reduction [34]. 
Lamina failure criteria are usually based on linear elastic analysis and involve the 
determination of unidirectional (UD) lamina strength and failure modes under a state of 
combined stress in orthotropic materials [34]. The in-plane strength of a UD lamina can 
be characterised by five different material parameters: longitudinal tensile and 
compressive strength (Xt and Xc), transverse tensile and compressive strength (Yt and Yc) 
and in-plane shear strength (S) respectively. An extensive review on such failure criteria 
and other existing theories has been conducted by Nahas [35]. More recent ones 
conducted by De Luca and Caputo [36], Daniel [37] as well as Orifici et al. [30] 
summarize the state of the art in material constitutive modelling, composite failure 
theories and analytical failure criteria. Usually these criteria do not describe detailed 
failure processes, hence are considered as ‘phenomenological’ approaches. 
Lamina failure criteria can also be classified depending on whether they are 
associated with the mode of failure or not. If they are not associated, they may utilize 
stress or strain polynomial and/or tensorial expressions to predict failure as a function of 
the UD material strengths. These mathematical expressions often originate from 
extensive empirical testing where a function has been fitted to the experimentally 
measured data [13]. Typical examples of such failure criteria are Tsai-Hill [38], [39] Tsai-
Wu [40] and Hoffman [41]. The implication is that in order to understand the accuracy of 
such theories and conclude their reliability, first the fundamental and physical behaviour 
of the failure mechanisms need to be understood. 
As mentioned before, possible modes of lamina failure are fibre rupture, 
transverse matrix cracking and shear matrix cracking respectively. It has to be noted that 
both transverse and shear matrix cracking are matrix dominated failures. However, they 
are separated because some criteria - eg. Maximum Stress [30] - assume that these modes 





Failure criteria that are associated with particular modes of failure (for different 
loading conditions) often consider the material to be heterogeneous and assume that 
distinct phases can fail independently of each other. They can be sub-categorized into two 
groups: interactive and non-interactive (limit) criteria. Interactive failure criteria take the 
interactions between the different stress and strain components acting on the lamina into 
consideration.  
They use for example quadratic or higher order polynomial equations which 
indicate failure when the equation is satisfied. The failure mode is determined by 
comparing stress/strength ratios [13].  
However, non-interactive/limit criteria do not consider these interactions; they 
compare the individual stress or strain components with the corresponding material 
strengths respectively. For more complex problems - that are subjected to multi-axial 
loadings - limit criteria often result in significant errors in strength prediction. The most 
commonly used failure criteria in this group are the Maximum Stress and Maximum 
Strain criteria [13], [34]. As reported by Sun et al. [34] 80% of the participants of an 
AIAA Failure Criteria Survey claimed to have used these two limit criteria alongside 
Tsai-Hill [38], [39] and Tsai-Wu [40] from the interactive group.  
Other interactive or partially interactive failure criteria include the approaches of 
Hashin [42] Puck [43] and Hart-Smith [44] along with many others [13], [45]–[50].  
It has to be noted that each of these criteria have their own specific assumptions 
hence it is very difficult to make direct comparisons between them. For instance, in 1973 
Hashin and Rotem proposed two distinct quadratic failure criteria based on fibre and 
matrix failure [51]. Later in 1980, Hashin [42] proposed an extension to three-
dimensional problems (stress-states) of the originally proposed linear criterion. Hashin’s 
later criterion is able to distinguish between fibre failure and matrix failure in both tension 
and compression as well as interlaminar tensile and compressive failure. However, as 
indicated by Davila et al. [52] in 2005, the quadratic interactions used by Hashin – for 
example to obtain the plane of fracture for the matrix compression mode – often do not 




To address this issue, Davila et al. [52] developed and proposed a new set of 6 
phenomenological criteria (LaRC03) for predicting the failure of fibre reinforced 
polymers (FRP) especially to predict matrix cracking under in-plane shear and transverse 
tension/compression. The failure envelopes predicted by LaRC03 showed good 
correlation with experimental data. The criterion developed by Puck and Schürmann [43], 
[53] includes an additional parameter when compared to Hashin’s. It takes the angle of 
matrix fracture into consideration, hence making it able to assess inter-fibre fracture in 
three different modes as specified in [53]. 
Laminate failure is generally more complex than lamina failure. In laminates, 
additionally to the lamina failure mechanisms (eg. fibre failure, matrix tension, matrix 
shear and compressive failure due to shear instability) three-dimensional (3D) 
mechanisms can contribute to or cause failure eg. delamination or failure induced by 
stress singularities such as free edges or notches. As one of the key assumptions of 
Classical Laminate Theory (CLT) is a two-dimensional (2D) state of stress in the laminate, 
strength analysis is usually restricted to laminates which are not dominated by such 3D 
failure mechanisms or it is assumed that they are free from free edge stresses or local 
stress concentrations due to matrix cracks. Simply put, laminate failure comprises 
progressive failure processes (sequence of damage progression) taking place eg. lamina 
failure and interlaminar interactions. Some laminate failure analysis methods assume that 
after individual plies fail, the laminate itself still has load bearing capacity. Hence, they 
“discount the ply” and reduce the overall stiffness of the laminate [34]. Sun et al. 
described two distinct methods for stiffness reduction: the parallel spring model and the 
incremental stiffness reduction model [34]. 
Laminate failure analysis often uses ply failure criteria especially when 
delamination and failure due to out-of-plane stresses can be neglected. 
One of the most common laminate failure analysis methods is the ply-by-ply 
discounting method. The laminate is treated as a homogeneous material and CLA is used 
to determine the ply stresses and strains throughout the laminate. Lamina failure criteria 
are applied to predict first-ply failure (including its mode). Then, a stiffness degradation 




reduced stiffness laminate is analysed again, and this is repeated over and over until 
ultimate laminate failure is reached (last-ply failure). However, ultimate failure is often 
defined by first-ply failure (FPF) by fibre failure or matrix failure (yielding).  
An extensive summary of different laminate failure criteria is described in a 
review by Orifici et al. [30]. One of the most used laminate criteria, especially in industry 
is the maximum strain criteria (which applies to the laminate as a whole).  
Laminate failure criteria can be also distinguished based on whether they consider 
interactions: in some criteria, individual ply failure modes (matrix or fibre failure) are not 
considered and failure is predicted based on ply failure, for example by Yamada [48], 
Christensen [54], and Sandhu [55] to name but a few. In other “interactive” criteria such 
as Tsai-Hill [38], [39] Tsai-Wu [40], Hoffman [41] and others [56]–[58] a failure surface 
is created using the acquired ply strength data. 
 
2.2.2. Progressive or continuum damage mechanics (CDM) 
 
Progressive failure analysis not only accounts for the initial and final failure locus 
of composite laminates but takes the stiffness degradation phenomenon (degradation of 
laminate elastic modulus) into consideration [59]. CDM uses internal variables (damage 
indices) integrated into material constitutive laws to represent damage in the composite 
and to describe the initiation and progression of these mechanisms. They usually have an 
inverse relationship to the material properties [30]. The damage variables and constitutive 
equations in CDM models usually take the effect of damage induced softening and 
anisotropy into account.  
Typically, CDM models reduce the stiffness of the laminate when a criterion is 
satisfied. The analysis carries on until the load carrying capacity of the laminate (in a 
particular direction) is reduced so much that the final failure condition is fulfilled [30]. 
Some CDM models [60]–[64] use second or fourth order damage tensors to 
describe stiffness degradation and damage evolution. Damage tensors represent the 




models study progressive failure through thermodynamic analysis [65]–[68] but only 
limited to two-dimensional stress states. A 3D failure model was proposed by Donadon 
et al. [69] to predict damage in composite structures under multi-axial loadings. They 
incorporated strain rate effects, higher order damage evolution laws, failure criteria and 
thermodynamic analysis.  
An overview on the damage mechanics of composite materials is discussed in [70]. 
More recently, Liu and Zheng [59] have conducted a very extensive review on the recent 
developments in progressive failure analysis of composite laminates and constitutive 
damage modelling by continuum damage mechanics. They have discussed various failure 
criteria, the damage evolution laws and finite element methods for predicting the variable 
stiffness failure analysis of composite materials. 
Continuum damage mechanics (CDM) is an efficient way to model laminate 
failure. It is computationally unaffordable to model the overall failure behaviour on the 
microscale (lamina level) hence the widespread use of continuum damage methods for 
orthotropic materials [71]. In this thesis a progressive multi-scale approach called 
ONERA progressive failure model (OPFM) is used to predict the failure behaviour of the 
designed laminates in Chapter 6, as described in detail in section 6.2.2.1. This approach 
is one of the many continuum damage models in the literature [65], [67], [72]–[78] 
provided with different levels of complexity with regard to the utilized failure criteria and 
degradation laws. Tay et al. [79] presented an overview of advances in the modelling and 
analysis of progressive damage in composite materials. They have also reported that many 
of the material property/stiffness degradation methods using CDM are done at the ply 
level, but some use combined micro-macromechanical approaches. Another approach 
was presented by Llorca et al. [80] who have shown a bottom-up multiscale model to 
carry out high fidelity virtual tests for composite materials. Their numerical simulations 
take into account the deformation and failure mechanisms at different length scales. An 
extensive review on multiscale methods for composite materials is presented by Kanoute 





2.2.3. Fracture mechanics 
 
Fracture mechanics studies the initiation and progression (growth) of cracks 
within the structure and understanding the different failure modes to ultimately estimate 
the residual strength of materials. Assuming homogeneous structures it is often feasible 
to characterise the fracture behaviour of heterogenous composites using linear elastic 
fracture mechanics (LEFM) [22]. Classical fracture mechanics is most often used to study 
interlaminar damage such as delamination and debonding. A. A. Griffith’s work provided 
the fundamentals of fracture mechanics, explaining the failure of brittle materials in 1921 
[82].  
The basic principle states that crack advancement is controlled by the rate of strain 
energy released by the material. During fracture, when a new surface is created, the 
energy release rate (G) gives information about the energy available to cause a crack to 
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where W is the work of external forces, U is the internal strain energy of the structure and 
A is the area of the crack (length for two dimensional problems). If the available energy 
release rate in the system (G) is greater than or equal to the critical value (GC): G ≥ 𝐺! 	then 
crack propagation will take place. GC is also called the fracture toughness.  
The evolved stress field regardless of the loading conditions can be divided into 
three major fracture modes that explain the three ways fracture can occur as illustrated in 





Figure 2.3. The three types of crack growth mechanisms: (a) Mode I – Opening, (b) Mode 
II – In-plane shear and (c) Mode III – Out-of-plane shear respectively [22] 
 
The pure modes of fracture (Mode I., II. And III.), each have their values of Gc. 
The mixed mode critical strain energy release rate is dependent on many parameters, for 
instance loading rate, direction of crack growth and most importantly the ratio of the three 
crack opening modes mentioned above.  
An extensive review on approaches looking at determining the proportion of 
different components of strain energy release rate (SERR) is conducted by Banks-Sills 
[83]. In another review Awerbuch and Madhukar [84] describe the most commonly used 
models and methods in fracture mechanics. Some of the drawbacks and applicability of 
LEFM methods for fibre reinforced composites are reviewed by Kanninen et al. [85]. 
Furthermore, some of the challenges and state of the art in computational fracture 
mechanics especially regarding delamination are presented by Krueger [86]. 
 
2.3. Biaxial in-plane testing methods for composite materials 
 
Generally, biaxial testing methods may be categorised by the number of loading 
systems used: (i) single loading system or (ii) two or more independent loading systems 
[87], [88]. For single loading systems, the biaxial stress/strain ratio is dependent on the 




These types of tests include but are not limited to anticlastic bending tests of 
rhomboidal/rectangular plates, bulge tests, cruciform specimens with spatial pantograph, 
butterfly shaped specimens in Arcan type apparatus, V-notched specimens in a biaxial 
Iosipescu fixture, equibiaxial loading of disc-shaped specimens and off-axis tension of 
UD composites [89], [90]. For two or more loading systems, the multi-axial stress/strain 
ratio is determined by the magnitude of the applied loads. These tests include cruciform 
specimens under in-plane biaxial loading, thin-wall tubes subjected to a combination of 
axial loading and torsion or internal/external pressure and round bars under bending-
torsion to name but a few [87], [88]. Different studies put emphasis on different loadings 
[91] or testing methods [87]. For example, a review by Chen and Matthews [92] 
highlighted the issues in biaxial testing mainly on tubular and cruciform specimens as 
well as flat plate bending. This review was carried out on specific loading cases and it 
should be noted that there has been a considerable amount of research done since it was 
published. Thom [93] also compiled a review where several strength criteria are presented 
and compared numerically as well as different biaxial testing methods with their 
characteristic problems are discussed with an emphasis on thin-walled tubes. In a more 
recent study, Olsson [94] presented a survey on test methods to determine the strength of 
composite laminates with regard to both in-plane and out-of-plane loadings. Some of the 
more prevalent methods/specimen types such as tubular specimens (eg. thin walled 
tubes), cruciform specimens, off-axis tests and Arcan tests will be briefly presented 
hereinafter. 
 
Tubular specimens are widely used and impose multi-axial loadings to the 
material structure. Their main applications include pressure vessels, bike frames, 
cylindrical and other flat structures that are subjected to complex loadings. The main 
advantage of such tubular tests lies in avoiding free-edge effects as well as allowing to 
obtain an arbitrary range of controlled, in-plane biaxial load ratios, hence being quite 
popular [94], [95]. On the other hand, it is complex to manufacture tubes and difficult to 
control the quality of the specimens [76]. Also, they have a curved surface and the stress 




It is commonly assumed that plane stress assumptions are sufficient to predict and 
analyse the behaviour of cylindrical tubes under biaxial loadings. However, care has to 
be taken, as this assumption is only reasonable for thin-walled structures where the radial 
(out-of-plane) stress is negligible when compared to the average in-plane stress generated. 
Detailed considerations for the design of tubular specimens can be found in [88]. Tubular 
specimens and multi-axial tests have been extensively studied by Swanson et al. [96], 
[97] and others [98]. 
 
Cruciform specimens were originally developed for metallic materials. A 
historical review of biaxial tests using cruciforms is presented in [88]. Using this testing 
method, arbitrary in-plane biaxial loads can be applied to cruciform composite specimens. 
The manufacturing process is less complex than for tubular specimens, however at the 
same time, coupons can be much larger and often require additional machining eg. 
reducing the thickness in the gauge section and fabricating a corner fillet in order to avoid 
premature failure outside the gauge section [94]. The biaxial loading zone (gauge length) 
of cruciform specimens is often stronger than the uniaxial loading arms, hence it is 
difficult to obtain gauge section failures. For that reason, gauge sections with stress 
concentrations (reduced thickness, holes, notches and cracks) are often investigated to 
achieve failure in the desired biaxially loaded gauge section.  
Cruciform specimens can be more representative of real-life structures that are 
usually flat or mildly curved, especially in the sense that in-plane biaxial loads can be 
applied without the presence of out-of-plane stresses (eg. radial stresses in tubular 
specimens) which can significantly affect the material behaviour [88], [94]. Various 
authors have been studying the biaxial loading of cruciform composite specimens. Welsh 
and Adams investigated the biaxial strength of IM6/3501-5 carbon epoxy and IM7-977-
2 carbon epoxy materials using various tapered and non-tapered specimen types, with 
different lay-up configurations [99], [100]. They also reviewed previous work in the area 
as well as discussed cruciform specimen design considerations. In another study, Smits 
et al. [101] studied the design of composite cruciform specimens to investigate laminates 





In the following, biaxial Arcan tests are briefly reviewed. The original Arcan 
fixture was presented in [102]. Since then, modified versions of the experimental fixture 
[103] have been utilized when testing the shear response of materials coupled with 
transverse direction tension [104], [105] or compression [106]–[108]. By having multiple 
loading holes, arbitrary biaxial loadings can be induced on the investigated samples, 
however, the supporting fixture itself is generally complex. For instance, Laux et al. [109] 
used a modified Arcan fixture (MAF) with an additional anti-buckling rail which 
stabilises the rig against out-of-plane displacements during compression loadings. This 
allows for a testing window and loading in tension, compression, shear and their 




Figure 2.4. An illustration of the modified arcan fixture (MAF) used by Laux et al. and 





2.4. Summary  
 
In general, it can be said that the validity of the failure criteria found in the 
literature is dependent on their application eg. what type of damage prediction they are 
utilized for. It is very hard to determine if the acquired material properties such as strength 
is providing a sufficiently accurate input for the failure mode under investigation. Usually 
the measured strength values are influenced by stress concentrations arising from testing 
resulting in premature failures or notably lower measured strains. Furthermore, in 
experimental testing, multiple failure modes can occur at the same time or in rapid 
succession hence strength cannot be properly predicted because the structure might be 
already weakened by other damage mechanisms. In order to have better input for the 
theories available, ‘cleaner’ experimental data are required with properly isolated failure 
modes that can be correlated to the respective strength values. 
Some of the problems and challenges with regard to the failure of composite 
materials were also identified in Chapter 1, Section 1.2 where the objectives of the PhD 
thesis were introduced. This thesis is centred around generating more reliable 
experimental data where the UD composite material is exposed to a multi-axial stress 
state in a controlled manner. By isolating different failure mechanisms from each other, 
their interaction as well as their individual effects on the fibre direction strain to 
failure/strength can be determined. Additionally, such investigations can extend the scope 
of data available for very thin-ply composites aiding the development and extension of 
existing failure criteria that can account for ply thickness and size effects. The literature 
survey presented in this chapter covered key areas of research. However, relevant 
literature is also presented in the individual chapters to support the load-case presented or 




Chapter 3  
 





Developing reduced fibre areal weight composite materials and utilizing thin-ply 
technology have been developing areas of research in the past 20 years especially due to 
the benefits these materials offer: greater versatility for optimisation, better fatigue 
properties, higher tensile and compressive strength as well as delaying the onset of micro-
damage and delamination to name but a few [110]. In order to fully exploit their properties 
and to predict their behaviour using Classical Laminate Analysis (CLA) the four basic 
material constants of the lamina must be identified. Since composite materials are 
considered to be orthotropic (have three mutually perpendicular planes of symmetry) and 
specially orthotropic on a ply level (normal stresses are applied in the principal material 
directions), they require only four material elastic constants to describe their in-plane 
mechanical behaviour. The properties include the longitudinal (E11) and transverse (E22) 
Young’s modulus, the in-plane shear modulus (G12) and the major Poisson’s ratio (ν12). 
Accurately determining such properties is crucial to the design and optimization of both 
unidirectional and multi-directional laminates as well as for investigating other trade-offs 
by using different materials and cost and weight optimisation [111]. 
For the material chosen, - as an estimation - the rule of mixtures (ROM) [6] can 
be used to determine the above mentioned four constants using the fibre and matrix 
properties provided by the manufacturer. On the other hand, experimentally measuring 
the material properties can provide more accurate inputs for further analytical and 
experimental work especially since measurements are more representative of a given 




Since the full range of properties was not available from the manufacturer’s data 
sheets and the research requires the determination of material properties as accurately as 
possible for the prediction of damage and failure analysis, an experimental 
characterisation campaign was carried out for the considered thin carbon fibre/epoxy 
composite prepreg. 
 
3.2. Material choice 
 
The thin ply carbon fibre reinforced polymer (CFRP) chosen for this research is a 
spread tow, high strength carbon/epoxy prepreg manufactured by SK Chemicals, South 
Korea under the commercial trade name ‘Skyflex USN020’ [112]. ‘U’, ‘S’, ‘N’ and ‘020’ 
denote unidirectional (UD) prepreg type, high strength (HS) fibre type, no scrim and the 
fibre areal weight (FAW) in [g/m2] respectively. The fibre constituting the prepreg is 
Tairyfil TC33 high strength, standard modulus carbon fibre, manufactured by Formosa 
Plastics. The resin system in the composite is a standard grade epoxy called K51, 
produced by SK Chemicals [112]. The data supplied by the manufacturer for the prepreg 
material and its constituents are summarised in Table 3.1. 
 
Table 3.1. Material data supplied by the manufacturer for TC33/K51 carbon/epoxy 
prepreg 
Fibre tensile modulus (Ef) 230 GPa 
Fibre tensile strength (σf*) 3.45 GPa 
Fibre failure strain (ε*) 1.5 % 
Fibre density (ρf) 1.8 g/cm3 
Filament diameter (df) 7 µ 
Fibre Areal Weight  20 g/m2 
Resin density (ρm) 1.2 g/cm3 





The nominal fibre weight content of the prepreg was not specified by the 
manufacturer, hence it was measured experimentally. The weight [g] of 8 different, 150 
mm x 150 mm sized pieces of the uncured prepreg material was measured on a METLER 
TOLEDO XS105 type precision scale and converted into g/m2. The result of the prepreg 
areal weight measurements yielded an average of 43 g/m2 (C.o.V - 1.8%) for the 
TC33/K51 prepreg. 
 
3.3. Fibre volume fraction and cured ply thickness 
 
The fibre volume fraction (vf) highly influences strength and stiffness properties 
[113] and is dependent on the resin content and the porosity (void content) of the 
composite material. In practice, these parameters can vary with the material batch, even 
within one composite laminate, hence the volume fraction has to be adjusted so the 
empirical measurements can be compared using a common value for the given set of 
materials [113]. To acquire the most accurate results for the utilized batch, the fibre 
volume fraction of the TC33/K51 roll was measured experimentally based on the ASTM-
D3529M –standard [114] (Procedure B – Matrix burn off) which followed the procedure 
below: 
• The mass of each uncured composite specimen was measured and recorded as Mi; 
then the samples were put into a ceramic crucible which was weighed and recorded 
as Mc. The requirement for the tested specimens were a minimum surface area of 
0.0064 m2 and mass of 1 g. 
• The crucibles including the composite samples were put into a preheated high-
temperature furnace and then kept at 500°C for 5 hours until the resin was burnt off. 
It has to be noted that burn time was kept at 5 hours in order not to degrade the fibres 
leading to false measurements.  
• After cooling the crucibles to room temperature, the weight of the crucible and 
composite remains were measured and recorded as Mf. 
• The fibre content can be calculated then:  FC = ()!	$	)")
)#




The fibre mass fraction (FC) was measured to be an average of 49.1% (C.o.V – 
4.3 %). From the FC, the fibre volume and fibre volume fraction were determined which 
yielded 39.1% (C.o.V - 5.16%) for the utilized batch of TC33/K51 prepreg based on an 
average of 6 tested samples. The fibre volume fraction is significantly lower than the 
usual values of standard thickness plies (vf ~ 60%). 
The fibre volume fraction can also be estimated using the data supplied by the 























    (3.2) 
where 𝑚+ and 𝑚/ represent the fibre and matrix weight fraction, 𝜌+ and 𝜌/ the fibre and 
matrix densities, 𝑉+ and 𝑉/ the fibre and matrix volume and  𝑀+ and 𝑀/ the fibre and 
matrix weight respectively. 𝑀 denotes the overall mass of the composite.  
 When substituting the data supplied by the manufacturer from Table 3.1 into 
equation 3.2, it yields an estimated fibre volume fraction of 47 %. The discrepancy 
between the measured (39.1%) and the calculated values using the manufacturers 
datasheet (47%) shows that the data provided by the manufacturer was not accurate 
enough. 
 
3.4. Characterisation design 
 
In order to determine the four basic material constants (E11, E22, G12, and ν12), 
tensile tests were carried out on 0°, 90° and ±45° laminates according to the appropriate 
ASTM standards: ASTM D3039/D3039M [115] and ASTM D3518/ D3518M [116] were 
utilised to design the tensile and shear specimen geometries and tests respectively, 




These conventional test standards generally assume standard thickness materials 
– t = 0.125 mm per ply –, hence they need to be adjusted appropriately to the use of thin-
plies. Previously, Fuller et al. [117] carried out a characterisation campaign on a similar 
thin-ply material type from SK Chemicals using the same resin system but a different 
fibre. The sizing guidelines presented in their characterisation campaign proved 
representative of the material behaviour, hence was built upon for the TC33/K51 material 
as well. Table 3.2 summarises the nominal specimen geometries for the different 
characterisation tests. Furthermore, additional tensile tests were carried out with a novel 
hybrid configuration [20] to determine the failure strain of the material without it being 
affected by stress concentrations caused by gripping which are discussed in Chapter 4, 
section 4.4.1 and are not part of this chapter.  
 
Table 3.2. Nominal specimen geometries for the characterisation tests of TC33/K51 thin-
ply carbon/epoxy material 
 
3.5. Specimen fabrication 
 
 All composite laminates were manufactured using a conventional hand lay-up 
process for prepreg composites followed by autoclave curing of the material. The roll of 
TC33/K51 prepreg material was taken out of the freezer where it was kept at -20 °C in 
order to preserve its integrity and prevent it from cross-linking. After defrosting for 12 
hours, the material was cut into the desired sizes by a CNC-controlled ply cutting machine 
(GENESIS 2100) to proceed with hand lay-up. 








Longitudinal tension [0]16 120 20 0.48 40 
Transverse tension [90]16 120 20 0.48 40 




Each layer was placed on top of the previous one using a wooden alignment board 
that was created to aid the fabrication process and to keep the ply edges perpendicular.  
Care had to be taken especially when laying up angle-ply laminates to ensure the 
appropriate sequence was created (balanced and symmetrical laminate). Occasionally, a 
heat-gun was used to aid the lay-up process due to the lack of tackiness between the 
uncured prepreg layers. Then, vacuum consolidation was carried out after every second 
ply due to the low thickness of the prepreg material. Each debulking cycle lasted for 10 
minutes to ensure that there were no air bubbles trapped in between the layers. In order 
to get the composite panels ready for autoclave curing, they were placed onto a flat 
aluminium tool plate and a standard vacuum bagging process was applied. Figure 3.1 
illustrates a schematic construction of a composite laminate under a vacuum bag prepared 
for the autoclave curing. 
 
 
Figure 3.1. Structure of the vacuum bags prepared for curing prepreg laminates in the 
autoclave 
 
 Additionally, there were silicone sheets placed on top of the laminates to promote 
an even pressure distribution during consolidation and to provide a smooth top surface 
for the composites. Resin bleed-out had to be prevented with cork dam/silicone strips 
around the laminates to keep the designed fibre volume fraction of the prepreg. The 
recommended temperature and pressure cycle provided by the manufacturer can be seen 
in Figure 3.2. This cycle was slightly modified to a higher applied pressure to ensure 




125 °C with 0.7 MPa (100 psi) pressure and a heat up and cool down rate of 2°C/min. For 
consolidation, a 24kW, two vacuum channelled autoclave (made by LBBC Technologies) 
was used. 
After curing, the composite plates were cut into the desired geometry by a CNC 
controlled diamond wheel cutter. The end-tab region of the specimens was roughened 
(with a Grit P120 abrasive paper) for better adhesion between the end-tabs and the 
coupons themselves. Then, commercially available, untapered, 1.7 mm thick composites 
made of glass fibre fabric/epoxy were used as end-tab materials for all configurations. 
The end-tabs were roughened as well and bonded to the specimens using an Araldite 
2014/1 type epoxy adhesive system. The samples with end tabs were then put into an 
atmospheric oven to cure the adhesive for 120 mins at 80 °C. Spring clamps were used to 
apply pressure on bonded surfaces.  
 
 
Figure 3.2. Pressure and temperature cycle recommended by the manufacturer for the 
Skyflex TC33/K51 carbon/epoxy prepreg material, adapted from [77] 
 
 After fabrication, all the specimen dimensions (free length/width/thickness) were 




specimen. Once the manufacturing process was completed, all coupons were kept in a 
desiccator to ensure there was no additional moisture exposure to the specimens before 
testing. 
 
3.6. Testing procedure and strain measurement 
 
 Mechanical testing of all specimens was executed under uniaxial tensile loading 
and displacement control on computer controlled, universal servo-hydraulic test machines 
with wedge type hydraulic grips.  
• The tensile tests for the longitudinal properties were carried out on an Instron 8801 
servohydraulic machine using Instron 2743-401 type hydraulic wedge grips and a 100 
kN load cell. The grips had 50 mm wide Instron 2704-521 type serrated steel jaw 
faces. The uniaxial tensile loading was introduced at a crosshead speed of 2 mm/min, 
as per ASTM D3039 standard. The clamping pressure was kept as low as possible in 
order to reduce the unnecessary compressive stress, while still preventing slippage of 
the specimens at the grips.  
• The tensile tests for the transverse properties were carried out on an Instron 8872 
servohydraulic machine with 25 mm wide hydraulic wedge grips and a 1 kN load cell. 
This type of transverse tensile test is very sensitive: the smallest defects/voids within 
the laminate can initiate fracture and it is highly influenced by the loading rate of the 
specimens. Hence, the tensile load was introduced at a crosshead speed of 0.2 mm/min. 
The clamping pressure similarly to the longitudinal tests was kept low, just enough to 
avoid slippage of the specimens.  
• Shear tests were carried out on a similar Instron 8872 machine equipped with a 25 kN 
load cell. The loading rate of the tests were kept at 2 mm/min as per the ASTM 
standard. 
Both longitudinal and transverse strains were recorded during the testing 
campaign using an Imetrum video gauge system. This system uses pattern recognition 




are tracked in real time while the software outputs these measurements frame by frame 
[118]. The targets can be speckled patterns made by spray paint or as used in this study, 
markers as illustrated on Figure 3.3. 
 
 
Figure 3.3. Paint markers applied to different specimens used for (a) the hybrid baseline 
longitudinal tensile tests (b) for transverse tension tests (c) for shear tests. Figure 3.3 (d) 
illustrates marker dots that exhibited micro-cracking during testing resulting in false 
strain measurements. 
 
The position of the markers varied depending on the desired strains to be measured 
for a specific test. Generally, their sizes were kept as small and as far away from each 
other as possible for each measured strain value. 
The marker dots were put on using a white paint marker. Before marking the 
specimens, all areas were painted with a permanent black marker to increase the contrast 
between the white marker dots and the surface of the specimens. This was especially 
important since the tracking algorithms of the video gauge system are based on 
contrasting backgrounds (black on white or white on black). In some cases, it was found 
that placing too thick of a paint layer resulted in micro-cracking of the marker dots - see 
Figure 3.3 (d)) - hence losing the tracking in the system. It has to be noted that the 
permanent black marker did not reduce adhesion between the marker dots and the 
specimens. The strain tracking was very accurate without much noise on the data signals 
for lower strain regimes, however for larger deformations tracking got noisy and the 




(especially for transverse direction strains at the width of the specimens), accurate 
tracking was very difficult to achieve. 
Consequently, to provide the most accurate results eg. for the major Poisson’s 
ratio measurements, the longitudinal tensile test specimens were equipped with additional 
T-rosette strain gauges to aid the measurements. The strain gauges utilised for tensile tests 
were 1-XY36-6/350 type T-rosettes with a nominal resistance of 350 Ohms and a 
measuring grid length of 6 mm manufactured by HBM. 
 
3.7. Results and discussion 
 In this section, the empirical measurements will be presented for the different 
characterisation tests as specified in Table 3.2.  
 
3.7.1. Longitudinal tension 
 
 Figure 3.4 – 3.6 illustrate the results of the unidirectional tensile tests for the [0]16 
laminate. Figure 3.4 and 3.5 show the longitudinal and transverse direction stress-strain 
responses of the material while Figure 3.6 represents the major in-plane Poisson’s ratio 
as a function of the applied load. The strain was calculated from the displacements 











Figure 3.4. The longitudinal direction stress-strain response of the [0]16 laminate under 
uniaxial tensile loading 
 
Figure 3.5. The transverse direction stress-strain response of the [0]16 laminate under 






Figure 3.6. The major Poisson’s ratio as a function of the applied load during the uniaxial 
tensile loading of the specimens 
As can be seen from Figure 3.4, the longitudinal direction stress-strain curves of 
the carbon/epoxy material exhibit some hardening (slightly increased stiffness) in tension. 
The chord modulus (E11) was calculated in the strain range between 0.1 % to 0.3 % as per 
the ASTM standard. A summary table for this type of specimen is shown in Table 3.3. 
The nominal thickness of the coupons was 0.48 mm. Both the modulus (E11) and the 
calculated macroscopic stress at failure (σx) are based on the measured geometrical values 
rather than the nominal ones. εx represents the failure strain of the material. 
 
















Average 0.48 20.03 121.33 0.301 1.50 1507 95.3 




After determining the Young’s modulus of the material (E11 = 95.3 GPa), an 
estimation can also be carried out with regard to the fibre volume fraction of the batch. 
The estimation is based on the simple rule of mixtures approach as shown below: 
 
𝐸.. = 𝐸+𝜈+ + 𝐸/𝜈/   (3.4) 
,where Ef and Em are the fibre and matrix moduli respectively. 
Based on the measurements of Fuller et al. [117] for the K50 resin system, it is 
reasonable to assume an elastic modulus of 3 GPa for the matrix (Em). A volume fraction 
of 𝜈+ = 41%  was found based on equation 3.4 assuming zero void content for the 
material. However, for further calculations throughout this PhD, the measured 39.1 % 
volume fraction was used to aid the design and analysis of composite laminates. 
 
 
3.7.2. Transverse tension 
 
Figure 3.7 illustrates the stress-strain response of the [90]16 laminate under 
uniaxial tensile loading. There were only 6 specimens considered to determine the 
transverse modulus (E22) of the material. The characterisation tests were very sensitive to 
the defects within the laminate (both voids and manufacturing induced) leading to 
premature failure for some of the coupons. The material failure in these types of tests is 
matrix dominated, hence a higher variability was expected when determining the 
transverse strength 𝜎2 . The extracted strength – 35 MPa – is lower than the typical 
transverse strength of a standard ply composite possibly due to the combination of low 
fibre volume fraction, and possible defects such as voids in the material. The transverse 
modulus of the material was extracted between 0.05 % - 0.3 % as recommended by the 







Figure 3.7. Stress-strain response of the [90]16 coupons carried out in order to determine 
the transverse modulus E22  
 









The tensile tests to determine the shear properties, especially the shear modulus 
(G12) of the TC33/K51 prepreg was carried out in accordance with the ASTM D3518/D 













Average 0.49 19.97 120.25 0.59 35.2 6.1 




response of the [±455]s laminate and the summary of the measurements respectively. The 
shear chord modulus was extracted in the strain range 0.1% -1.1% as recommended by 
the ASTM standard. During testing, very large deformations were exhibited by the 
specimens resulting in the video gauge marker dots peeling off as well as the necking of 
the specimens. 
The shear stresses (τ12) and strains (γ12) shown in Figure 3.8 were calculated from 
the measured longitudinal (εx) and transverse strains (εy) by the video gauge as 




  (3.5) 
𝛾.( =	𝜀1 − 𝜀2  (3.6) 
 
 








The measured macroscopic stresses σx were calculated using the measured 
thickness of the specimens. According to ASTM D3518, the shear strength is determined 
based on the shear stress at failure or at 5 % strain. In this case, due to the high elongation 
of the specimens, the shear strength (𝜏.(∗ ) was determined at the 5 % shear strain margin. 
The nominal thickness for the shear coupons was 0.60 mm. 
 









 A summary of the acquired material properties with their respective coefficients 
of variation (C.o.V [%]) is shown in Table 3.6 below. All parameters are for tension. The 
coefficients of thermal expansion (CTE) a11 and a22 are estimated values for the 
longitudinal and transverse direction expansion of the prepreg lamina.  
a11 is based on the reported value of a similar grade T300/5208 carbon/epoxy [119] 
prepreg whilst a22 is an estimated value based on general data for the same grade epoxy 















Average 0.61 25.11 160.88 42.51 57.9 2.47 





Table 3.6. Summary table of the properties acquired during the characterisation campaign 








It has to be noted that this characterisation campaign was carried out primarily to 
determine the four basic material properties (E11, E22, G12, and ν12) in order to use as input 
for further design and analysis of composite laminates throughout this PhD thesis. The 





The strain to failure (e11*) of the carbon/epoxy is also determined using hybrid 
tensile specimens as mentioned in section 3.4. This method gives an accurate 
representation of the material strength as it eliminates the effect of stress concentrations 
at the gripping areas.  
Also, to determine the transverse compressive response of the material, coupons 
were fabricated to be tested in the rig designed by Haberle and Matthews [121], however 
due to difficulties (the weight of the rig led to the premature failure of the specimens when 
placing them in the fixture) the characterisation campaign could not be completed. 
𝑬𝟏𝟏 95.3 [GPa] (1.80%) 𝜀..∗  1.50 [%] (4.79%) 
𝑬𝟐𝟐 6.11 [GPa] (1.93%) 𝜀((∗  0.59 [%] (8.27%) 
𝑮𝟏𝟐 2.47 [GPa] (1.63%) 𝛾.(∗  42.5 [%] (7.88%) 
𝜎..∗  1507 [MPa] (5.09%) 𝝂𝟏𝟐 0.30 [-] (3.50%) 
𝜎((∗  35.2 [MPa] (6.95%) 𝜈(. 0.019 [-] n/a 
𝜏.(∗  57.9 [MPa] (0.63%) CPT 0.030 [mm] (1.24%) 




Chapter 4   
 
Longitudinal tension – transverse compression: the 
effect of transverse compressive stresses on tensile 
failure 
 
The chapter is based on first authored publication C.1. as referenced in the Publication 
section of the thesis. 
Chapter 4 discusses a novel tensile specimen configuration that has been developed to 
induce a combined stress state of in-plane longitudinal tension and transverse 
compression in the utilized thin-ply, UD carbon/epoxy layers. Three different multi-
directional laminates have been designed incorporating 0° UD carbon/epoxy plies 
embedded in angle-ply blocks of the same material. The scissoring deformation of the 
angle-ply blocks induces transverse compression in the central 0° layers when the 
composite is strained in the 0° fibre direction. The amount of transverse compressive 
stress was determined from the measured surface strains of the laminates. There were 
significant in-plane transverse compressive strains generated in the laminates that are 
much higher than those typically attained in multi-directional laminates, exceeding the 
90° fibre direction compressive strain to failure. The results of this study suggest that in 





With regard to multi-axial and combined loadings, it is even harder to validate 




[19]. A review of multiaxial and biaxial loading tests for composite materials can be found 
in Chapter 2, section 2.3.  
Even for UD laminates, accurately determining their basic mechanical properties 
such as failure strain or failure stress is still a scientific challenge [18]. The ultimate 
strength of UD carbon/epoxy laminates is often underestimated due to the experimental 
strength measurements being affected by stress concentrations at the end-tab regions of 
the coupons [20]. Usually, a significant knock-down in their measured strength can be 
observed, accompanied by premature failure of the specimens and notably lower strains 
measured than the expected ultimate failure strain of the fibre. Consequently, for more 
complex cases such as testing under biaxial loading conditions, the difficulty in acquiring 
acceptable data is magnified due to issues that include but are not limited to edge effects, 
gripping related issues, quality of the materials and the consistency of coupon fabrication 
and testing [18]. 
A debatable part of the failure envelope for carbon composites is the tension – 
compression quadrant especially when looking at the effect of transverse compressive 
stresses on the longitudinal (fibre) direction tensile strength. A two-dimensional, strain 
based maximum shear stress failure criterion was proposed by Hart-Smith [122] who 
truncated the failure envelope by a 45° cut off between longitudinal tensile strain and 
transverse compressive strain. A study carried out by Wisnom [123] suggested a 
controversy between the findings of Hart-Smith and some of the supporting experimental 
results available in literature for instance by Swanson et al. [96], [124].  
 
A more recent study carried out by Catalanotti et al. [125] presents a novel three-
dimensional failure criterion for UD polymer composites. The criterion considers both 
longitudinal and transverse failure mechanisms as well as taking the effect of ply 
thickness on the material strength into account.  
It suggests no coupling between fibre tension failure and matrix compression 






Figure 4.1.  σ11 – σ22 2D failure envelope for IM7/8552 carbon/epoxy material reproduced 
from [125] 
 
To further investigate the problem, this study aims to explore experimentally the 
effect of transverse compressive stresses on the fibre failure strain of UD thin-ply 
carbon/epoxy composites. A novel laminate design based on thin-ply laminates of 
unidirectional (UD) and angle-plies is presented. The bi-axial stress state in the 0° plies 
is indirectly applied in a tensile test set-up where the contraction of the angle-plies induces 
compression in the central UD layers when the composite is strained in the longitudinal 
direction. The test method proposed here offers a reliable solution for acquiring accurate 
experimental data on this particular biaxial loading scenario due to its repeatability and 






The materials considered in this study were a TC33 carbon fibre by Formosa 
Plastics as discussed in Chapter 3 and a S-Glass glass fibre supplied by Hexcel. Both 
epoxy resin systems incorporated were 125 °C cure polymers. The matrix for the glass 




by Skyflex for the carbon respectively.  Basic properties of the applied fibre and prepreg 
systems are summarised in Table 4.1 and Table 4.2 respectively. 
 
Table 4.1. Fibre properties of the applied unidirectional prepregs based on manufacturers 
data 











Tairyfil TC33 carbon 230 1.8 1.5 3.45 
FliteStrand S ZT S-Glass 
[20] 
88 2.45 5.5 4.8 – 5.1 
 
  
Table 4.2. Cured ply properties of the applied unidirectional prepregs 





























21a 30a 39a 95.3a 1.61a -1 ∙ 10-6 b 4 ∙ 10-5 c 
S-Glass/913  
glass/epoxy [20] 
190 155 51 45.7 3.98 2 ∙ 10-6 b 3 ∙ 10-5 c 
aBased on measurements as discussed in Chapter 3 
bBased on reported values for T300/5208 in [119] for the carbon and for the glass [20] 




4.2.2. Test design 
 
The main objective of this study is to investigate the interaction between 
longitudinal tension and transverse compression in thin-ply carbon epoxy laminates 
through a tensile test based method. To be able to determine this interaction in the most 
accurate way possible, it is important to (i) minimise other stress components (e.g. shear) 
present in the UD laminate and (ii) to account for a challenging issue of tensile testing: 





To address the exclusion of other stress components, the multi-axial stress state is 
indirectly applied to the UD layers and the laminate as a whole is designed to be balanced 
and symmetric. This way the in-plane shear coupling terms (A16, A26) and the extension- 
bending coupling (B matrix) are zero in the ABD matrices of the laminates. In this 
configuration, the central thin-ply UD carbon/epoxy laminate is embedded in thin-ply, 
angle-ply blocks of the same material where the scissoring deformation of the angle plies 
induces the transverse compressive loading on the central UD layers. A schematic of a 
typical specimen configuration is illustrated in Figure 4.2. 
 
 
Figure 4.2. Top and side view schematic of the thin-ply UD laminate embedded in thin-
ply, angle-ply blocks 
 
The issue of stress concentrations during tensile testing is mitigated by using a 
novel method developed by Czél et al. [20]. They have proposed an interlayer hybrid 
specimen type consisting of UD glass/carbon hybrid composites for eliminating the end-
tab stress concentrations during tensile testing.  
Their specimens were deliberately designed for delamination after tensile failure 
of the central carbon layer. This induces a large load drop during testing which enables 
simple detection of the tensile failure strain of the carbon layer. The measured values 




specimens as the stress concentrations at the grips were eliminated. The coupons were 
also purpose designed to exclude any hybrid effects that might arise by setting a minimum 
thickness for the carbon layers. The glass layers in this case also protected the carbon 
plies from the rough grip faces.  
Figure 4.3 (a) reproduced from [20] illustrates the x-direction strain distribution 
predicted by Finite Element Analysis (FEA) in the glass and carbon layers of a similar 
UD TR30/epoxy – S-Glass/epoxy specimen. The strain in the carbon layers varies 
smoothly between zero at the end tab area to the maximum applied strain in the gauge 
area as shown in Figure 4.3 (b). The stress is kept uniform in the carbon layers as the 
glass layers shield the carbon from the stress concentrations. This FEA study carried out 
by Czél et al. [20] underpins the advantage of suppressing the stress concentrations and 
being able to achieve consistent, gauge section failure in the carbon layers.   
 
 
Figure 4.3. (a) loading direction strain distribution predicted by FEA over a tabbed 
glass/carbon hybrid specimen, reproduced from [20] (b) normal strain along the glass 
surface and carbon mid-plane, reproduced from [20]. 
 
With regard to the current study, the outer angle-plies in Figure 4.2 replace the 
UD glass layers to suppress tab stress concentrations. However, for shallower angles 
(close to 0°) embedding the central UD block, their behaviour is stiffer hence they do not 
provide sufficient ‘protection’ against stress concentrations at the grips. Consequently, 
the above-mentioned design incorporates additional layers of glass/epoxy in a similar 




Another objective is to make sure that the designed composite laminates will fail 
in the desired manner. In order to do that, it has to be ensured that damage mechanisms 
such as free-edge delamination and matrix (transverse) cracking – predominant failure 
mechanisms for angle ply laminates - do not precede nor influence the desired overall 
longitudinal fibre failure mode in the central UD plies. 
 Thin-ply materials are shown to be able to delay and suppress the above 
mentioned damage mechanisms (transverse micro-cracking [126] and free-edge 
delamination [127], [128]) in different loadings - static, fatigue and impact, as reviewed 
by Cugnoni et al. [129]. Exhaustive reviews of  thin-ply polymer composites including 
their manufacture, microstructure, mechanical performance, and the implications for 
structural design and application prospects are presented by Galos [130] and Arteiro et al. 
[131]. 
It is reported that the advantages of using thin-plies - achieving a higher onset of 
damage such as microcracking or delamination in the composites - comes with a change 
in the failure mode of the laminates: shifting from a more complex, multi-mode failure 
with significant delamination to a quasi-brittle failure governed by fibre fracture in the 0° 
plies. These materials represent a new generation of advanced composites that provide a 
promising approach to exploit the true potential for carbon fibre composite structures 
especially by delaying the onset of damage up until a fibre dominated failure is achieved. 
Hence this study incorporates such materials making it possible to determine the real 
effect of transverse compression on the longitudinal fibre failure strain of thin-ply 
carbon/epoxy composites. 
The configurations were designed in order to induce various levels of transverse 
compression in the central UD layers: by varying the angle of the embedding plies 
different amounts of transverse stress are generated while the composite specimens are 
strained in the longitudinal direction of the fibres. The key influencing parameters for the 
amount of transverse compression generated are the angle and the relative thickness of 
the outer angle-ply blocks. The transverse compression arises from the Poisson’s ratio 
mismatch between the angle-ply blocks and the UD laminate. 
By maximizing this mismatch and choosing an optimum angle, the transverse 




number of angle-ply pairs in the blocks increases the magnitude of the transverse stresses 
put on the central UD layers. The optimization of the stacking sequence was carried out 
in MATLAB software using Classical Laminate Theory (CLT) assuming a plane stress 
state for the composite laminates [132]. An illustration of varying transverse to 
longitudinal stress ratios arising in the central 0° layers as a function of the angle of the 
angle-ply blocks is shown in Figure 4.4. The chosen angles (see section 4.2.3) are marked 
with dashed lines on the graph as well. The applied strain for the generated curves was 
1.62 % (measured failure strain of the carbon) and the analysis initially was carried out 
using estimated linear material properties. 
 
 
Figure 4.4. Transverse compressive stress to longitudinal stress ratios as a function of the 
angle of the embedding angle-ply blocks: the chosen angles are marked with red dashed 
lines on the curve. 
 
Besides, the absolute thickness of the central UD layers plays an important role in 
ensuring that the hybrid effect is avoided. The hybrid effect in this case is an apparent 
failure strain enhancement: in a thin-ply interlaminar hybrid configuration which consists 
of eg. standard thickness glass and thin carbon composite layers, the failure strain of the 
carbon layers would be higher than the failure strain of the carbon in a non-hybrid 
configuration due to constraint from the glass layers on forming a critical cluster of 




This hybrid effect can result in an increased failure strain for very thin plies and 
is different from the expected strain enhancement due to the size effect. The magnitude 
of the size effect is relatively small and it is in addition to the failure strain enhancement 
due to the hybrid effect as demonstrated previously by Wisnom et al. [133]. 
An illustration of the carbon layer failure strain plotted against the carbon layer 
thickness for thin-ply materials is shown in Figure 4.5, adapted from [133]. 
 
 
Figure 4.5. Arising hybrid effect (increased carbon layer strain to failure) when the carbon 
layer thickness is reduced, adapted from [133] 
 
Based on these findings - to avoid any hybrid effects - a central UD layer thickness 
of 0.12 mm was chosen that is an equivalent to four plies of the utilized high-strength 
carbon/epoxy material. 
 
4.2.3. Specimen configuration and geometry 
 
Overall, four different configurations were designed which included the baseline 
specimens that helped to determine the accurate failure strain of the utilised carbon 
fibre/epoxy material. The baseline configuration as well as the 15° angled specimens were 
used the hybrid method developed by Czél et al. [20], where additional glass layers were 
used to ensure stress concentrations at the grips were eliminated. In this manner, 




The 15° angle-ply specimens did not incorporate end-tabs as the glass and angle-
ply layers together provided sufficient shielding against gripping effects. For the 
specimens with 20°and 28° angle-ply blocks, the additional glass layers were omitted and 
carbon only specimens were fabricated with end-tabs as illustrated in Figure 4.2.  
A summary of all the configurations is shown in Table 4.3, where SG denotes the 
S-Glass layers in the laminates. 
  
Table 4.3. Specimen configurations 










[SG2/±156/02]s 7 1.494 
[±206/02]s 7 0.798 
[±286/02]s 6 0.806 
 
All carbon coupons tested in the experimental campaign were parallel edge tensile 
specimens as illustrated in Figure 4.2 with the nominal dimensions of 270/190/20/0.84 
mm overall length/gauge length/width/thickness respectively. 
 
4.3. Experimental procedure  
 
4.3.1. Specimen fabrication 
 
All laminates were manufactured by a prepreg lay-up process as described in 
Chapter 3. After hand-lay-up of the specific plies, a vacuum bagging method was utilised 
on a flat aluminium tool plate. There were additional silicone sheets placed on top of the 





The composite plates then were cured at the recommended temperature and 
pressure cycle provided by the manufacturer. Since both resin systems in the hybrid 
configurations were similar, only the heat-up, cool-down rate and any dwells occurring 
were adjusted by using the longest curing time required to obtain the desired mechanical 
performance. The curing cycle used for the hybrid configuration was 60 mins at 80°C and 
100 mins at 125°C with 0.7 MPa applied pressure and a heating rate of 2°C/min.  
The cycle used for carbon only laminates was 30 mins at 80°C and 90 mins at 
125°C with a similar pressure cycle and heating rate. 
After curing, the composite plates were cut into the desired geometry by a 
Computer Numerical Control (CNC) diamond wheel cutter. Un-tapered, 1.7 mm thick 
glass fibre fabric/epoxy was used as the end-tab material for two of the configurations. 
The end-tabs were bonded to the specimens using an Araldite 2014/1 epoxy adhesive 
system. The samples with end tabs were then put into an atmospheric oven to cure the 
adhesive for 120 mins at 80°C. 
 
4.3.2. Testing method 
 
Mechanical testing of the specimens was carried out similarly to the tensile tests 
in Chapter 3 on a universal, servo hydraulic Instron 8801 machine with a 100 kN load 
cell. The grips were Instron 2743-401 type hydraulic wedge grips with 50 mm wide 
Instron 2704-521 type serrated steel jaw faces. The uniaxial loading was introduced under 
displacement control at a crosshead speed of 2 mm/min as per ASTM D3039 standard. 
Clamping pressure was kept low enough to minimise end tab failures yet avoiding any 
slippage at the grips.  
Longitudinal and transverse strains were measured using an Imetrum video gauge 
system, with the test machine outputting the corresponding force signals. The high-







4.4. Results and analysis  
 
4.4.1. Baseline configuration 
 
When hybrid baseline specimens were loaded, the fracture of the carbon layer 
resulted in delamination from the embedding glass layers followed by the progression of 
delamination along the gauge length of the specimens.  
Since the objective was to extract the failure strain of the UD material, the coupons 
were not loaded extensively beyond the first significant load drop that corresponds to the 
0° carbon layer failure (point 1 on Figure 4.6). However, if loaded further after the first 
load drop (point 2 on Figure 4.6), residual load bearing behaviour due to the high 
elongation glass layers could be observed. A typical response of such hybrid specimens 
is presented in Figure 4.6 (a) reproduced from [20] and (b) acquired from the measured 
load-time curves.  
 
 
Figure 4.6. Stress-strain response of UD glass/carbon hybrid specimens (a) reproduced 
from [20] (b) acquired during testing 
 
Figure 4.7 (a) shows the stress-strain curves of the tested hybrid glass/carbon 
baseline configuration up until the first load drop. The fracture of the carbon layer in the 
centre of the light (orange) coloured delaminated area and the subsequent delamination – 





Figure 4.7. (a) Mechanical test results of the hybrid glass/carbon baseline configuration 
with (b) illustration of the behaviour of typical tested coupons: the carbon layer failure 
followed by sudden delamination from the embedding glass layers. The specimens did 
not incorporate end-tabs when tested and showed consistent gauge section failures. 
 
It has to be noted that the results were affected by residual thermal strains that 
originate from the mismatch in the CTE of the different fibres. Residual thermal strains 
were calculated for force-equilibrium between the carbon/epoxy and glass/epoxy layers 
assuming constant strain at different places through the thickness and a 100 °C 




The CTE values for the different prepregs can be found in Table 4.2. For the 
longitudinal direction, the property of a similar grade carbon fibre [119], and the same 
type glass fibre [20] and for the transverse direction, general estimates from literature of 
the same grade epoxy were utilised. 
 The results of the baseline tests including the correction with the calculated 
residual thermal strains are illustrated in Table 4.4. This table also includes the test results 
of a non-hybrid baseline for comparative purposes: 16 layers of the same TC33/K51 
carbon/epoxy material. The moderate increase (10%) in the failure strain of the hybrid 
specimens can be attributed to the elimination of stress concentrations and the associated 
premature failure scenarios which were more representative of the tensile tests carried out 
with the non-hybrid configuration. Furthermore, a decrease in the variability of the strain 
to failure can be seen for the hybrid configuration that underpins that conventional tensile 
testing methods are less reliable than the hybrid one presented in [20]. 
  
Table 4.4. Baseline tensile test results for the TC33/K51 material in a non-hybrid and 
hybrid all UD configuration 










layer failure strain 
– incl. thermal 
strains  
[%] 
[016]- non-hybrid UD 
baseline 
9 1.50 (4.8%) - 
[SG2/02]s - hybrid UD 
baseline 
8 1.65 (3.0%) 1.62 
 
4.4.2. Angle-ply/UD configurations 
 
Figure 4.8 (a) – (f) illustrates the typical longitudinal and transverse stress-strain 
responses of the different angle-ply/UD laminates. It can be seen in Figure 4.8 (a) – (b) 
that for the shallower angle [SG2/±156/02]s configuration, both the longitudinal and 




However, in the case of the larger angle angle-ply/UD configurations - [±206/02]s and 
[±286/02]s respectively – a gradual change in the stiffness of the laminates can be 
observed. 
 
Figure 4.8. Typical longitudinal and transverse stress – strain responses of the different 
angle-ply/UD configurations: (a) – (b) - [SG2/±156/02]s , (c) – (d) - [±206/02]s , and (e) – 





Both responses become non-linear in the transverse direction. This non-linearity 
is mainly associated with the angle-ply blocks surrounding the unidirectional material: 
there is no in-plane shear arising at the laminate level, however there are very strong 
presence of in-plane shear at the lamina level in the angle-ply blocks. Besides, the 
indirectly applied high transverse compressive stress also plays a role in the non-linear 
character of the transverse stress-strain curves.  
 In the experimental campaign, primarily surface strains are considered because 
they can be directly acquired by the video extensometer. Since transverse stresses cannot 
be measured, they have to be calculated from the measured strains. The fibres in the 
central 0° UD block experience transverse strain that is not only due to the effect of the 
surrounding angle-plies but also inherently from the UD material (Poisson’s ratio). In 
other words, if the central UD block did not experience any compression from the 
neighbouring ply blocks, it would still have transverse strain in the material. 
Consequently, to determine the amount of transverse compressive stresses, the measured 
strains are corrected and converted into stresses using linear assumptions.  
In the following sections the methodology for the corrections, determining the 
actual mechanical transverse stress put on the central 0° UD laminate and the estimation 
of the residual thermal stresses will be presented. 
 
4.4.2.1. Determination of mechanical transverse stresses 
 
Under pure uniaxial loading, there is no laminate level transverse stress arising. 
However, in the presented configurations, there is transverse stress arising in the 0° plies 
due to the Poisson’s contraction of the angle-ply blocks. These stresses cannot be 
measured directly hence they need to be determined from the measured surface strains 
and material properties. 
Both longitudinal and transverse strains are directly measured on the surface of 
the specimens. Assuming that they are constant through the thickness of the laminate, 
they can be used as the strains of the central 0° UD layers.  
Hence, an equality can be written in the form of the measured strains of the whole 






[𝜎8] = G𝑄8∗H[𝜀8]		; 		G𝜎𝑎𝑝𝑝𝑙.H = [𝑄95/.∗ ][𝜀𝑚𝑒𝑎𝑠..];		
→ 		 [𝜀𝑚𝑒𝑎𝑠.] = 	 G𝑆8
∗H[𝜎8] , (4.1) 
 
where 𝑄8∗and 𝑄95/.∗  represent the reduced stiffness matrix of the UD carbon block and 
the laminate respectively,  𝑆8∗  represents the reduced compliance matrix of the UD 
carbon block and 𝜎8  and 𝜎$--.. represent the stresses in the UD carbon block and the 
stresses applied to the laminate respectively. Reduced refers to the fact that the in-plane 
shear-coupling terms are zero. 
 
Inverting equation (4.1) yields as follows: 















𝜀𝑦𝑦P  (4.2) 
 
where 𝐸..  and 𝐸((  represent the longitudinal and transverse direction moduli, 𝜀11  and 
𝜀22 the measured longitudinal and transverse surface strain and 𝜈.( and 𝜈(. the major and 
minor Poisson’s ratios respectively. 
 
When equation (4.2) is expanded for each component, the stresses in the central 




















where equation (4.4) represents the mechanical transverse compressive stresses generated 
in the central UD layers (𝜎((8 ). The first term in equation (4.4) represents the stress that is 
required to overcome the Poisson strain in the central 0° block. 
Table 4.5 shows a summary of the material properties used for the UD 
carbon/epoxy lamina as discussed in Chapter 3. All properties are based on measurements 























95.3 6.11 0.301 0.019 2.47 0.030 
           *Calculated from ν12 
 
A summary of the measured strains (𝜀11 , 𝜀22) and the calculated macroscopic 
stresses (𝜎11) and mechanical stresses (𝜎..8  and 𝜎((8 ) can be found in Table 4.6. All values 
are averages for each set of the tested specimens with the variability included in the table 
and they represent the strain/stress at failure or at the first significant load drop of the 
specimens. 
  
Table 4.6. Summary table of the measured strains and the calculated macroscopic stresses, 
as well as the estimated mechanical stresses in both the longitudinal and transverse 
direction. 









𝜎..8  [MPa] 
(C.o.V. 
[%]) 





 1.65 (3.0) -0.50 (5.0) 900 (3.7) 1572 (0.03) -0.5 (3.24) 
[SG2/±156/02]s 1.60 (5.09) -1.04 (6.45) 1092 (4.42) 1516 (5.55) -33 (7.31) 
[±206/02]s 1.62 (3.16) -2.84 (7.70) 1053 (3.48) 1502 (3.22) -145 (9.17) 





To further investigate the accuracy of the estimation of the transverse normal 
stress induced on the laminates, a non-linear analysis was also carried out based on the 
transverse compression response of the utilized TC33/K51 material.  
Since characterising the TC33/K51 material in transverse compression could not 
be successfully completed as mentioned in Chapter 3, data on the material response was 
taken from the characterisation campaign of Fuller et al. [117]. The transverse 
compression curves were acquired on a similar material using the same resin system (K51 
by Skyflex) but a similar fibre from a different manufacturer (TR30 by Mitsubishi Rayon) 
and exhibited a highly non-linear behaviour. The TR30/K51 prepreg exhibited a similarly 
low fibre volume fraction of 42.5% as well as both the tensile and compressive transverse 
modulus of the material was found to be 6 GPa, which agrees well with the utilized thin-
ply prepreg in this thesis. Figure 4.9 shows the transverse compression stress – strain 
curve from [117].  
 
 





A regression analysis was carried out where the response in Figure 4.9 was fitted 
by a fourth order polynomial curve. The equation and the R value are displayed in Figure 
4.9.  
This way, the mechanical strains (after the deduction of the Poisson strain) (𝜀22)?@A) 
can be used to estimate the amount of transverse compressive stresses using the non-linear 
material curve. The calculated mechanical strains (see Table 4.7) were substituted into 
the polynomial equation presented in Figure 4.9. Based on that, the estimated non-linear 
transverse compressive stresses 𝜎((8
,-  for the different configurations are calculated as 
shown in Table 4.7. In the non-linear study, only the non-linearity in compression is taken 
into account. The effect of non-linearity due to shearing of the angle plies does not need 
to be accounted for (even though it affects the overall response of the specimens, there is 
no shear present in the central UD block). 
  
Table 4.7. Summary table for the predicted transverse compressive stresses using linear 
(𝜎((8 )	and non-linear analysis (𝜎((8
,-) 








[SG2/±156/02]s -1.04 (6.45) -0.56 (6.45) -33 (7.31) -36  
[±206/02]s -2.84 (7.70) -2.36 (7.70) -145 (9.17) -118  
[±286/02]s -2.91 (4.52) -2.42 (4.52) -149 (5.17) -120 
 
As can be seen in Table 4.7, the predicted transverse compressive stresses using 
the non-linear approach (𝜎((8
,-)  exhibit about a maximum of 20% difference when 
compared to the stresses (𝜎((8 ) using linear assumptions. A direct comparison of stresses 
for the different configurations using the linear and non-linear approaches can be found 






4.4.2.2. Thermal residual stresses 
 
The calculated longitudinal (𝜎..8 ) and transverse stresses (𝜎((8  ) of the central UD 
block need to be corrected for thermal residual stresses arising in the laminate. These 
residual thermal stresses can be significant and are a result of the mismatch in CTE 
between the angle-ply and UD blocks. 
Figure 4.10 shows a schematic of the thermal behaviour of an angle-ply/UD multi-
directional laminate upon cooldown from the initially unconstrained, stress - free cure 
temperature (T0) as seen in Figure 4.10 (a) to the final ambient temperature (Tf) shown in 
Figure 4.10 (c).  
Figure 4.10 (b) exhibits an unconstrained state for the laminate where the central 
carbon plies and the angle-ply (AP) blocks are free to contract thermally independently 
of each other to the final temperature. 
 
 
Figure 4.10. A schematic illustration of the thermal behaviour of an angle-ply/UD 
laminate upon cooldown from the cure temperature: (a) initially unconstrained, stress-




temperature (c) final constrained state. The illustrated strains are in the direction of the 
central 0° fibre (x). 
 
The notations for free thermal strains such as 𝜀B,@  and 𝜀B,'D  in Figure 4.10 
illustrate the central 0° UD block and the angle-ply blocks (AP) respectively. They are 
the strains that the central or AP blocks would undergo if they cool down in an 
unconstrained state. They can be calculated in the following way: 
 
𝜀B,@ =	𝛼@ ∙ (∆𝑇)	𝑎𝑛𝑑		𝜀B,'D =	𝛼'D ∙ (∆𝑇)							(4.6) 
 
where 𝛼@ 	𝑎𝑛𝑑	𝛼'D are the effective CTE of the UD and AP blocks, and ∆𝑇 = 	𝑇8 − 𝑇+ 
the temperature difference between cure and ambient temperature. 
 
𝜀BEB59 is the total (midplane) strain which is the sum of mechanical/elastic strain 
(𝜀?9,@)  due to applied loads and thermal strains (𝜀F) . 𝜀BEB59  can be calculated using 
Classical Laminate Analysis (CLA) for force-equilibrium between the UD block and the 
angle-ply blocks assuming a plane stress state for the laminate (constant strain through 
the thickness) and a temperature change ∆𝑇 of 100°C. Firstly, the thermal loading is 




















(ℎH − ℎH$.)										(4.7) 
 
,where 𝜀1F = 𝛼1∆𝑇, 𝜀2F = 𝛼2∆𝑇	𝑎𝑛𝑑	𝜀12F =
K('.
(
= 𝛼12∆𝑇 , as well as 𝑄"  represents the 
transformed stiffness matrix and h represents the position of each ply in the laminate 
relative to a reference height respectively. 
 
Then, the calculated thermal forces [𝑁F] are substituted into equation (4.8) from 




case there are no external loads applied [𝑁?1B], only thermal loads which constitute the 
applied loading.  
 
[𝜀BEB59] = [𝐴]$.[𝑁F] (4.8) 
,where [A]-1 represents the inverse A matrix of the laminate. 
 
 The difference between the total strain (𝜀BEB59) and the free thermal strain is the 
elastic strain 𝜀?9,@ and 𝜀?9,'D for the central UD and angle-ply blocks respectively. The 
elastic strain is associated with the residual stresses that are caused by the constraint from 
other plies. In the case of the central UD carbon layers it is determined as follows: 
 
[𝜀?9,@] = 	 [𝜀BEB59] −	 [𝜀B,@]							(4.9) 
 
 Once the elastic strain of the central block is determined, the residual stresses can 
be calculated using Classical Laminate Theory (CLT) in the following way: 
 
[𝜎9#%] = 2𝑄∗3[𝜀𝑒𝑙,𝑐]								(4.10) 
 
where Q* represents the reduced stiffness matrix of the UD carbon block.  
 
The calculated residual thermal stresses for the central UD carbon block (𝜎𝑟𝑒𝑠) 
and the estimated longitudinal (𝜎..8
∗) and transverse stresses (𝜎((8
∗) using both linear and 
non-linear approaches including thermal corrections for each configuration can be found 
in Table 4.8. The free thermal strains were determined to be 0.010 % for the longitudinal 
direction and -0.40 % for the transverse direction in the central UD carbon layers 
respectively. It has to be noted that the Poisson effect is also accounted for in the thermal 
calculations. All the corrected stresses presented are based on the measured strain to 


























-19.0 5 1553 4.5 4.5 
[SG2/±156/02]s 4.6 4.2 1521 -29.3 -31.8 
[±206/02]s 32.2 3.5 1534 -141.1 -116.5 
[±286/02]s 48.9 8.3 1553 -140.4 -109.7 
 
Furthermore, a short sensitivity study was carried out with regard to the utilized 
estimated CTE values to look at their effect on the predicted thermal corrections. Since 
the transverse property of the prepreg is the dominant one, the transverse CTE of the 
carbon fibre was changed from the original value of 4 ∙ 10-5 [1/K] to 2 ∙ 10-5  and 6 ∙ 10-5  
[1/K] respectively. The summary of the predictions is shown in Table 4.9 below. 
 
Table 4.9. Summary table of the predicted residual thermal stresses in the central UD 
block as part of a sensitivity study on the transverse CTE of the thin-ply carbon fibre 
 αT = 4∙ 10-5 
original 



















[SG2/±156/02]s 4.6 4.2 3.7 9.2 5.45 -0.9 
[±206/02]s 32.2 3.5 20.2 14.0 44.3 -7.1 
[±286/02]s 48.9 8.3 28.7 16.5 69.0 0.1 
  
As can be seen from Table 4.9, a 50% change in either direction of the transverse 
CTE of the material results in a change of the predicted transverse residual stresses of 
only a maximum of about 10 MPa, which is not very significant when compared to the 





Figure 4.11 illustrates the estimated transverse stresses as a function of the 
estimated longitudinal stresses at failure in the central UD block, taking account of the 
Poisson contraction and the residual thermal stresses in the laminates. Both estimations, 
using linear assumptions and the non-linear approach is illustrated on Figure 4.11. 
Overall, it can be said that using the linear approach to estimate the transverse 
stresses in the central UD block is a simple method with easy data acquisition as the 
strains are directly measured and stresses can be quickly calculated. On the other hand, 
using the non-linear approach gives a more accurate representation of the stress state 
induced on the material, but it is more complex to calculate especially that it requires an 
additional characterisation test (nonlinear transverse compression). Even though the non-
linear assumptions improved the estimations, the conclusions as described later on are not 
affected by these changes. 
 
 
Figure 4.11. The estimated transverse stresses as a function of the longitudinal stresses at 
failure in the central UD carbon block, including corrections for the Poisson contraction 





4.4.2.3. Failure analysis 
 
Typical failed specimens of each configuration and their respective failure 
mechanism are illustrated in Figure 4.12. 
The coupons with the shallower angle lay-up [SG2/±156/02]s were designed and 
tested in a hybrid configuration to eliminate the stress concentrations arising at the grips 
during tensile loading. All specimens failed in the gauge section with fibre failure in a 
similar manner to the baseline specimens as described in Section 4.4.1. Immediately 
following fibre fracture in the central 0° layers, the laminate as a whole delaminated from 
the shielding glass layers hence changing the colour visible to the naked eye of the 
observer - orange colour on Figure 4.12 (a) -.  A typical failure pattern of this 
configuration can be also seen in Figure 4.12 (a). 
 
 
In contrast, the other two lay-ups of [±206/02]s  and [±286/02]s were tested in a non-
hybrid configuration, with end tabs. The [±206/02]s  type coupons exhibited a sudden fibre 
failure in the gauge section as it is shown in Figure 4.12 (b). The corresponding stress-
strain curve in the mechanical test results (Figure 4.8 (c)) also exhibits a mostly linear 
behaviour up to failure. However, for the [±286/02] configuration, a large drop can be 
observed on the stress-strain curves in Figure 4.8 (e) – (f). This large drop corresponds to 
the fracture of the 0° layers followed by instant delamination. Both the 20- and 28-degree 
configurations exhibited similar strains to failure (1.62 % from Table 4.6) that 
corresponds to the fibre fracture of the central 0° plies. An illustration of a failed coupon 
is shown in Figure 4.12 (c). The central UD block delaminated from the surrounding 
angle-ply blocks was pulled out in order to observe the fracture surface. The post-mortem 
examination of the specimens showed that the delamination initiated at the interface 
between the angle-ply and UD ply blocks at the location where the first fracture of the 0° 





Figure 4.12. Illustration of the three configurations and their failure mechanisms: (a) 
[SG2/±156/02]s hybrid configuration with 0° fibre fracture followed by delamination from 
the glass layers (b) [±206/02]s  non-hybrid configuration with catastrophic 0° fibre failure 
and (c) [±286/02]s  configuration with 0° fibre fracture followed by instant delamination 




As can be seen from Table 4.6, there was a very high in-plane transverse 
compressive strain measured in the central UD block of the larger angle angle-ply 
configurations: 2.84 % and 2.91 % for the 20° and 28° angles respectively with a 
transverse to longitudinal strain ratio of 1.46 and 1.49. The corresponding transverse 
stresses applied to the 0° UD plies including thermal effects are estimated to be around 
140 MPa for both cases using linear assumptions and around 115 MPa using a non-linear 
estimate. The strains and the estimated stresses for these two layups are very similar 
mainly due to the non-linear behaviour of the material: the original design curve in Figure 
4.4 shifted in a way that the two configurations are now located on either side of the 
minimum. 
Furthermore, these overall transverse strains measured for the 20° and 28° 
configurations respectively (-2.84 % and -2.91 %) are higher than can be typically 
achieved in a multi-directional laminate because they are more than double the fibre 
direction compressive strain to failure of the 90° plies [132]. The measured data can be 
also illustrated using strains. Figure 4.13 shows the measured longitudinal failure strains 
as a function of the overall measured transverse strains for the different configurations 
including the baseline tests. 
In a typical quasi-isotropic (QI) laminate, the 90° ply would fail in fibre 
compression before the laminate reaches to -1.5 % transverse compressive strain. When 
compared with the measured baseline failure strain (1.65%), the trend suggests that high 
in-plane transverse compressive strains and hence the estimated high in-plane transverse 





Figure 4.13. The longitudinal strain to failure as a function of the overall measured 
transverse strains for all configurations including the baseline tests (not corrected for 
thermal stresses). 
 
4.5. Conclusion  
 
A novel design of composite tensile specimen was presented incorporating thin-
ply, angle-ply/UD composites, where a multi-axial stress state of longitudinal tension and 
transverse compression is induced in the central 0° layers by the scissoring deformation 
of the embedding angle-ply blocks of the same material. Three configurations were 
manufactured with variable amounts of transverse stresses generated in the central 0° 
layers.  
The 20° and 28°configurations exhibited an estimated maximum of about 115 
MPa of in-plane transverse compressive stress using non-linear predictions. When 
compared to the measured baseline failure strain of the material, the significant transverse 
compressive strains applied – with a maximum of 2.91% for the 28°configuration - did 




The baseline measurement was carried out using a novel hybrid composite testing 
method by Czél et al. [20] which proved to be successful in determining the accurate 
strain to failure of the investigated material.  
The specimens incorporating shallower angle angle-ply blocks exhibited sudden 
fibre failure while the 28° configuration exhibited fibre fracture immediately followed by 
delamination. Furthermore, the achieved in-plane compressive transverse strains are 
much higher than could be attained in a typical multi-directional laminate, exceeding the 
90° fibre direction strain to failure, suggesting that in practice fibre direction tensile 
failure is not significantly affected by transverse compressive stresses. This result goes 
against interactive failure theories such as Tsai-Hill and Tsai-Wu which consider the 
interaction of longitudinal fibre tension and transverse compression to be important. 
However, the findings of this thesis are more representative of the material behaviour 
since they were determined experimentally. The presented novel testing method is 
capable of generating reliable experimental data for a bi-axial stress state of longitudinal 
tension and transverse compression. 
As an additional remark, it has to be noted, that similarly to the conclusions above, 
the effect of shear on the tensile failure of TC35/K51 was also determined not to have a 
significant affect. The study by Jalalvand et al. [134] illustrated in Figure 4.14 shows the 
fibre direction failure strain in function of varying amounts of shear stresses.  
 
 
Figure 4.14. Fibre direction failure stress of [±θ]s (θ = 0°, 5°, 10°, 15°, 20°, 25°) laminates 




Chapter 5   
 
Longitudinal tension – transverse tension: a study of 
cross-ply laminated composites 
 
The work discussed in this chapter, similarly to the previous one, is aimed at inducing a 
specific multi-axial stress state in the unidirectional composite material. The bi-axial 
stress state of longitudinal tension and transverse tension is generated by means of 
residual thermal stresses that arise in cross-ply laminated composites due to the difference 
between thermal expansion of the differently oriented layers and the temperature 
difference between the maximum cure temperature and room temperature [135], [136]. 
Furthermore, since transverse matrix cracking is one of the most common damage 
mechanisms associated with cross-ply laminates, its effect is investigated on the failure 
strain of the material. Additionally, the influence of the 90° ply thickness is also examined 
for this thin-ply carbon/epoxy material. 
In the following section, some of the key topics in the literature associated with 
this chapter will be presented. The short literature review is not exhaustive but rather 




One of the most common examples of transverse micro-cracking is observed in 
cross-ply laminates in the 90° plies when the laminate is loaded in the 0° direction under 
monotonic or fatigue tensile loading. Transverse cracks start forming in the 90° plies 
perpendicular to the loading direction after the strain of the laminate exceeds a critical 




and can result in interfacial cracks when reaching ply interfaces. The interfacial cracks 
may initiate macroscopic delamination between the 0° and 90° layers [137], [138].  
Furthermore, transverse cracking can be followed by other secondary damage 
mechanisms eg. longitudinal cracking (matrix cracks parallel to the loading direction) or 
fibre fracture. Usually, cracks can initiate from material defects such as voids or areas 
with excess resin or high fibre volume fraction.  
These secondary damage mechanisms are often caused by high interlaminar 
stresses and are dependent on various parameters such as laminate geometry, 0° and 90° 
layer thicknesses, constituent materials, loading history and manufacturing method [139].  
For thicker composite laminates, transverse cracking often precedes delamination 
which was demonstrated experimentally by Wang and Crossman [140], [141]. However, 
for laminates constituting thin-ply layers the nature of secondary damage is usually 
different. Jamison et al. [142] observed local fibre fracture preceding matrix cracking and 
ultimately local interior delamination before failure. In a more recent work by Sebaey et 
al. [143], it was concluded that for thicker transverse plies the strength of the laminate is 
controlled by full width transverse cracks whilst for thinner plies, longitudinal matrix 
cracking (parallel to the coupons mid-plane) preceded transverse matrix cracking (it has 
to be noted that presumably, this also depends on the 0° ply thickness). An illustration of 
the typical damage mechanisms in cross-ply laminates is shown in Figure 5.1, reproduced 
from [144]. 
 




Transverse cracking prior to final failure directly results in the degradation of 
certain mechanical and thermal properties such as the effective stiffness, Poisson’s ratio 
or Coefficients of Thermal Expansion (CTE) of the layers and moisture ingression [145], 
[146].  
Furthermore, micro-cracking induces stress concentrations locally at the crack tips, 
that can result in delamination as mentioned above. Besides, the load is redistributed in 
the adjacent 0° plies after crack formation.  
A comprehensive review of matrix micro-cracking, experimental observations on 
its initiation and progression and its effects under different loading and environmental 
conditions as well as analysis methods for modelling the damage process in both glass 
and carbon composites was conducted by Abrate [147] and more recently by Nairn [145] 
and Berthelot [144] in 2000 and 2003 respectively. Additionally, stress distributions in 
cross-ply laminates and literature on the interaction between transverse cracking and 
delamination were also reviewed. 
Generally, models investigating crack initiation and propagation can be divided 
into two different categories: stress or fracture mechanics-based approaches [144]. The 
former approach considers damage development that is controlled by the strength of the 
transverse plies, whereas the latter approach assumes the formation of a crack when the 
total energy released during the process is equal to the critical strain energy release rate 
(Gc) of the material. Berthelot [144] emphasized that in either case it is necessary to take 
account of the inherent defects in the material and consider the statistical distribution of 
strength or energy release rate. In some cases, the onset and propagation of transverse 
cracks are investigated using a coupled stress and energy criterion [137], [148], [149]. 
The formation of the first transverse cracks in cross-ply composite laminates has 
been extensively studied in the literature both experimentally and theoretically. Bailey, 
Garrett, and Parvizi et al. [150]–[153] carried out various experiments to investigate the 
initiation of transverse cracks. They varied the inner layer thickness of [0/90]s  laminates 
whilst keeping the 0° ply thickness constant [150]. When comparing the critical applied 
strain as a function of the total thickness of the inner 90° plies, a thickness effect was 




As the thickness of the 90° plies decreases, the critical strain to induce cracking 
increases. This effect was found for both carbon and glass fibre reinforced composite 
laminates. The results also emphasize that the first failure of the transverse layer is not 
only stress or only strain dependent as defined by most of the existing failure criteria. For 
instance, García et al. [137] used a coupled stress and energy criterion to predict the above 
mentioned effect which showed good agreement with the experimental results from the 
literature. Complementing their study, a review of the three major theoretical models 
explaining thickness effects was included as well. 
 
 
Figure 5.2. Cracking strain in glass fibre [0/90]s composite laminates as a function of the 
90° ply thickness reproduced from [145] replotting the results of [151] 
 
The study carried out by Parvizi et al. [150] demonstrated that the thickness of the 
90° plies not only affects the initiation but also the formation (propagation) of the cracks. 
In the utilized glass fibre composites, larger thicknesses (above 0.5 mm) resulted in cracks 
that went across the whole width of the block instantaneously, whilst for thicknesses 
between 0.4 and 0.1 mm there were individual free edge cracks that propagated gradually 
across the laminate as loading increased. Under 0.1 mm it was reported that matrix micro-
cracking was completely suppressed before final failure [145]. Parvizi also showed that 
the cracking constraint observed above can be explained by Aveston and Kelly’s energy 




There is also evidence on the suppression of micro-cracking using thin-ply carbon 
fibre laminates. An example of it is a study carried out by Sihn et al. [126] who studied 
thickness effects on laminated composites and demonstrated the suppression of matrix 
micro-cracking, delamination and splitting damage on thin-ply carbon laminates under 
static, impact and fatigue loadings. In recent work done by Amacher et al. [129] in 2018, 
they investigated thin-ply carbon composite laminates to study the influence of ply 
thickness on the ultimate strength and damage initiation as well. A delay in the onset of 
damage or complete suppression of transverse micro-cracking and delamination was 
found for the examined thin materials. Furthermore, an improved structural behaviour 
was exhibited for bolted-joint bearing especially in hot-wet conditions.  
Kohler et al. [155] in 2019 investigated transverse cracking in the bulk and at the 
free edge of thin-ply carbon composites. Above a certain ply thickness (for thicker plies), 
transverse cracking propagated quickly towards the centre of the specimens whereas for 
thinner plies damage was significantly delayed even up to a point where full width 
transverse cracks did not develop prior to ultimate failure. 
Similarly to the ply thickness effects observed for glass composites, early 
investigations on the initiation and progression of transverse cracking and thickness 
effects in carbon fibre cross-ply laminates are also reported widely in the literature [141], 
[156]–[159]. 
Generally, for carbon fibre cross-ply laminates, when loading is increased, the 
transverse cracks start to accumulate, and crack density keeps increasing with the applied 
stress until the final failure of the specimen. However, it is found for cross-ply laminates 
made out of glass fibre reinforcements that the evolution of crack density can often 
saturate prior to ultimate fracture [144]. 
As loading of the specimen progresses and crack density increases, the 
degradation of thermomechanical properties occurs as well. One of the representative 
measures to characterise this effect in the laminate is to determine the stiffness 
degradation as a function of the developed crack density or the applied load/strain [160]. 







Figure 5.3. Stiffness reduction curves in function of transverse crack density for [0n/90m]s 
AS4/3502 graphite/epoxy composite laminates [161] 
 
Experimental studies looking at the microcrack density as a function of the applied 
load are widely reported in the literature in various configurations and material systems 
[141], [150], [153], [159], [162]–[166]. 
Alternatively to cross-ply composite laminates, transverse tensile stresses can also 
be generated in unidirectional plies in tension by using sub-laminates exhibiting a 
negative Poisson’s ratio in the transverse direction. Laminates exhibiting such negative 
transverse Poisson’s ratio are referred to as auxetic laminates in literature. This way, a 
combined stress-state of longitudinal tension and transverse tension may be achieved. A 
brief review of such materials is presented in the following. 
Auxetic materials or auxetics - as described by Evans et al. [167] - exhibit a 
negative Poisson’s ratio: they expand laterally when stretched longitudinally (in the fibre 
direction) or shrink laterally when compressed in the longitudinal direction [168]. They 
can exhibit a negative Poisson’s ratio both in and out - of plane of the composite. Research  
began into auxetics in the late 1980s with the fabrication of synthetic auxetic polyurethane 
foam [169]–[171], however there are also naturally occurring auxetic materials such as 




forms of skin eg. load bearing cancellous bone from human shins [174] or salamander 
skin [175] to name but a few. 
Auxetic materials can exhibit enhanced properties such as shear modulus (hence 
shear resistance) as well as indentation and thermal shock resistance and better energy 
absorbance when compared to conventional (non-auxetic) materials. Other advantages 
include enhanced fracture toughness and crack growth resistance [168]. An extensive 
literature survey on auxetic material properties, their structural mechanisms, the latest 
advances and applications in auxetics especially focused on the aerospace and defence 
industries was carried out by Liu [176]. Furthermore, an interesting property of such 
negative ν materials is that they exhibit synclastic or double curvature resulting in a dome 
shape without the need for machining or forcing the material to take up that shape [177]. 
This results in good formability and hence useful in applications where complex shapes 
need to be formed. 
To generate transverse tensile stresses in the composite laminates based on the 
auxetic phenomenon requires specially designing a laminate (angle-ply composites) that 
exhibits a negative Poisson’s ratio. Alternatively, other types of auxetic composites can 
be manufactured by using auxetic components, auxetic inclusions (discs, spheres, 
blades..etc) and preforms for instance as described in a review by Wang et al. [168].  
One of the key requirements of designing such auxetic angle-ply laminates is for 
the individual lamina (prepreg) to be highly anisotropic. This was suggested by Clarke et 
al. [178] who designed and predicted the properties (Poisson’s ratios) of a range of angle-
ply carbon/epoxy laminates using CLA. For this reason, stiffer materials such as carbon 
fibre are the appropriate choice rather than glass fibre or other forms of reinforcement 
[177]. Also, using prepreg materials with higher fibre volume fraction was suggested as 
a way of enhancing Poisson’s ratios [179]. 
Generally, analysis or modelling has to be carried out to determine possible 
stacking sequences that exhibit the desired auxetic properties. Evans et al. [180] modelled 
negative Poisson’s ratio effects in network embedded composites (with shaped 




In another study by Evans et al. [181],  specially designed software is introduced 
which allows for matching the mechanical properties of laminates with predicted negative 
ν to laminates with similar properties but with a positive ν. Continuous carbon/epoxy 
prepreg systems were used to achieve in-plane and out-of-plane negative Poisson’s ratio 
for the laminates, provided that the fibre volume fraction and anisotropy of the materials 
were sufficient. Alderson et al. [179] have studied manufacturing techniques that auxetic 
laminates can be fabricated with as well as studied how the property of the laminates 
(static indentation and low velocity impact) are affected by achieving through thickness 
and in-plane negative Poisson’s ratio. Carbon/epoxy materials have been widely used to 
manufacture auxetic laminates and to investigate their mechanical behaviour. Alderson 
and Coenen [182] used UD carbon/epoxy to fabricate auxetic laminates and investigate 
their low velocity impact response. Bezazi et al. [183] used T300/914 carbon/epoxy to 
investigate auxetic behaviour for static and cyclic fatigue loadings. Donoghue et al. [184] 
used AS4/3501-6 whereas Coenen and Alderson [185] used IM7/8552 carbon/epoxy 
respectively to look at the fracture toughness and static indentation resistance of laminates 
with a negative Poisson’s ratio. 
 
When using such auxetic laminate designs, often the lay-up sequence is not 
balanced hence other stresses such as shear can be present in the laminates. Initially, 
design optimization using CLA was carried out to find configurations that exhibit the 
highest possible amount of predicted transverse tensile stresses (most negative Poisson’s 
ratio). One of the possible lay-up configurations found e.g. [12/65/12/12/65/12/02]s, 
exhibited a biaxial stress state with shear as well having in-plane shear coupling terms 
(A16, A26) which were non-zero. The amount of the additional in-plane stress component 
(shear) predicted was significant. Consequently, and also due to the complexity of 
carrying out such tests (use of oblique end-tabs) it was decided to not pursue this design 










The main objective of this study is to design cross-ply composite laminates that 
exhibit a multi-axial stress state of longitudinal tension and transverse tension in the 0° 
UD layers. This way, if sufficient transverse stresses were generated, the effect of 
transverse tension on the strain to failure of the UD material could be investigated.  
Furthermore, the effect of varying the 90° layer thickness on the longitudinal 
failure strain could also be investigated. In the following paragraphs, the distinct design 
considerations (maximizing the transverse stresses, hybrid effect and thickness effect) are 
described and the designed laminate configurations are presented.  
 
5.2.1. The effect of 90° ply thickness on the amount of transverse tensile stresses 
generated 
 
 Ideally, the cross-ply configurations should incorporate a ratio of 0° to 90° plies 
that maximizes the transverse tensile stresses generated in the laminate due to the 
combination of residual thermal stresses and Poisson ratio restraint. An initial study was 
carried out investigating [90n/02]s laminates where n = 2,4,6,8,10, and 12 to determine the 
effect of increasing the 90° ply thickness on the amount of transverse tensile stress 
generated in the central UD plies. The analysis was carried out using Classical Laminate 
Theory (CLT) and plane stress assumptions and it was found that in configurations where 
n was greater than 8, the tensile stresses did not in fact increase when extra 90° plies were 
added. A summary of the predicted stresses generated in the central UD plies assuming a 
fibre direction failure strain of 1.62 % for the laminates is shown in Table 5.1. The 
estimated longitudinal and transverse stresses include both the mechanical and residual 
stresses in the different configurations. 
Furthermore, since the amount of transverse tensile stresses that could be induced 




investigate thickness effects as well as it was decided to limit the 90° block thickness to 
a maximum of 8 plies. 
 
Table 5.1. Summary table of the predicted stress state in the central UD plies of the 
investigated [90n/02]s laminates at 1.62% strain 





[902/02]s 0.032 1529 49 
[904/02]s 0.033 1510 50.2 
[906/02]s 0.034 1492 50.4 
[908/02]s 0.034 1477 50.4 
[9010/02]s 0.034 1456 50.2 
[9012/02]s 0.035 1444 50.1 
 
5.2.2. Configuration design 
 
Similarly, to the previous chapter (Chapter 4, section 4.2.2), the absolute thickness 
of the central UD layers played an important role in the construction of the lay-up and 
design of such cross-ply laminates. To ensure that hybrid effects were avoided and to be 
consistent with the previous study, a central UD ply thickness of 0.12 mm (four plies of 
TC33/K51 material) was chosen as the basic configuration. 
To investigate thickness effects, configurations needed to be designed in a way 
that allows for varying the number of 90° plies while maintaining the overall stress state 
(stiffness) of the laminates.  
A basic structure was proposed – [Y/X/90n/04/90n/X/Y]- where the central UD 
laminate is surrounded by 90n blocks where n = 1,2,4, and 8. The outer part of the 
laminates (marked with X) consisted of only 0° and 90° plies in order to keep the overall 
stiffness consistent for each configuration. Additionally, glass layers (marked with Y) 
were incorporated on the surface of the laminates in order to shield the stress 




and consistent results with clear gauge section failures of the specimens. This issue as 
previously described in Chapter 4 was addressed by using a novel interlayer hybrid 
composite specimen concept developed by Czél et al. [20]. The glass layer thicknesses 
were calculated according to the design formulas developed by Czél et al. in order to 
ensure that the glass layers can still carry the load after the failure of the carbon composite.  
An illustration of a typical specimen comprising the thin-ply carbon/epoxy cross-




Figure 5.4. Schematic of a typical cross-ply laminate configuration: thin-ply UD 
carbon/epoxy is surrounded by blocks of thin-ply cross-ply carbon blocks, embedded in 
standard thickness UD glass/epoxy ply blocks. 
 
For the first three configurations with n = 1,2,4 90n blocks, the number of adjacent 
0° and 90° plies were kept the same. However, for the configuration with 8 blocked 90° 
plies adjacent to the central UD layers, it was not possible to keep the stiffness ratio 




Hence, this configuration had a slightly higher stiffness when compared to the 
others. It has to be noted that there were no additional 0° layers incorporated in order to 
minimise the overall number of layers in that configuration keeping close to a total of 28 
plies in order to be consistent with the previous study in Chapter 4. Besides, additional 0° 
layers would have had to be blocked together resulting in the risk of premature failure 
occurring away from the central block. 
A summary of the four different lay-ups designed using CLA can be found in 
Table 5.2. The table also includes the longitudinal and transverse stresses predicted in the 
central UD plies at an estimated strain to failure of ε = 1.62%.  
The transverse thermal residual stresses in the UD plies were calculated to be 16 
MPa for configuration 1.-3. and 19 MPa for configuration 4. respectively which is already 
incorporated in the transverse stresses (σy) in Table 5.2 below. The green colour 
represents the embedding glass layers, while the red represents the 90n blocks with 
varying number of plies adjacent to the central UD layers. Shear stresses are zero in all 
configurations. 
 
Table 5.2. A summary table of the designed laminate lay-ups: green colour represents the 
embedding glass layers, while the red represents the 90n blocks 
  Stress in central UD plies 





1. [06/(0/90)5/0/90/02]s 0.023 1522 35 
2. [06/02/90/(0/90)3/0/902/02]s 0.023 1522 35 
3. [06/02/90/02/90/02/904/02]s 0.023 1522 35 
4. [06/02/90/02/90/02/908/02]s 0.026 1518 40 
 
To determine the stacking sequence of the outer 0° and 90° blocks (marked with 
X), first, the 90° and 0° plies were placed as single layers as many times as needed to 
reach a total of 28 plies for each laminate (consistently with the previous study in Chapter 
4). Then, as the 90n block increased adjacent to the central UD laminate, some of the 90° 




Overall, blocking of more than two plies needed to be avoided where possible in 
order to prevent any premature failure in the outer 0° and 90° plies so that the 90n blocks 
can control the failure of the central UD laminate.  
For instance, in a laminate such as: [0/902/0/902/0/90n/02]s, the single 0° layers are 
predicted not to fail due to the arrangement of the other plies. There may be transverse 
cracking in the adjacent 90° blocks, however this is countered by the so-called hybrid 
effect where a single 0° ply would exhibit a higher strain to failure than in the 4 central 
plies, hence not failing before the latter. 
All cross-ply coupons (Type 1.-3.) were parallel edge specimens with nominal 
dimensions of 270/190/20/2.70 mm overall length/gauge length/width/thickness 
respectively. Type 4 specimens had the same nominal dimension except in the thickness 
direction with a nominal value of t = 2.94 mm. Since this study utilizes the same S-
glass/epoxy as well as the same thin-ply carbon/epoxy material used in the previous 
chapter and throughout this thesis, the reader is referred to Chapter 4, section 4.2.1 for 
detailed material properties.  
Overall, it has to be noted that since the predicted amount of transverse stresses 
did not seem sufficient to investigate the effect of transverse tensile stresses on the 
longitudinal strain to failure of the central UD block, the emphasis was put on determining 




 In this section, the experimental campaign carried out will be presented with 
regard to the manufacturing process used, the testing instrumentation and the mechanical 
test results. To complement the mechanical testing of the laminates, advanced 
measurement techniques including X-Ray Computed Tomography were used for 







 The fabrication of the composite laminates followed a similar manufacturing 
procedure as in previous chapters: hand lay-up of the layers followed by an autoclave 
consolidation procedure using a vacuum bagging method on a flat aluminium tool plate. 
The cure cycle utilised was 60 mins at 80°C and 100 mins at 125°C with 0.7 MPa applied 
pressure and a heat up and cool down rate of 2°C/min. In the finishing stage, the 
specimens were cut to the desired nominal geometry specified above using a CNC 
controlled diamond particle coated cutting wheel. After that, each end of the specimens 
was hand-sanded using Grit P120 polishing paper in order to increase the surface 
roughness of the composites at the gripped sections (40 mm at each end). 
 
5.3.2. Test method 
 
 All uniaxial tensile tests were carried out in accordance with the ASTM D3039 
standard [186] on an Instron 8801 universal servo-hydraulic mechanical testing machine. 
The machine was equipped with a 100 kN rated load cell and hydraulic wedge grips. The 
grips were similar to the one mentioned in Chapter 4, Section 4.3.2 with 50 mm wide 
Instron 2704-521 type serrated steel jaw faces. Loading was introduced under 
displacement control at a crosshead speed of 2 mm/min. Clamping pressure was kept as 
low as possible, but sufficient to avoid slippage of the coupons. The strain measurement 
was carried out using an Imetrum video gauge system outputting the corresponding force, 
time and strain data.   
In addition, a PCI-2 acoustic emission (AE) system was used to verify damage 
events during the loading process. The AE sensors acquiring the data were a PAC WSA 
type, broadband, piezoelectric transducers with a frequency range of 100-1000 kHz. The 
maximum sampling rate was 40 MHz and the gain selector of the preamplifier and 
threshold value were set to 40 dB. 40 dB was selected to filter out all background noises 




of the tensile specimens by clip gauges. Silicone grease was used to provide coupling 
between the specimens and the sensor. An illustration of the test instrumentation used for 
mechanical testing is shown in Figure 5.5. 
 
 
Figure 5.5. Test set-up and data acquisition systems for mechanical testing excluding the 
video gauge control system PC 
 
5.3.3. – In-situ X-Ray Computed Tomography (X-CT) 
 
 There are various methods that can be used for assessing the damage state of 
composite materials and its growth during the loading process. To investigate matrix 
micro-cracking, acoustic emission (AE) measurements have been widely used in the 
literature [187], [188] as well as infrared thermography (IRT) [189], ultrasonic scanning 
[190], video observations [143], [191], electronic speckle pattern interferometry (ESPI) 
[192], [193], embedded piezoelectric actuators [194] and X-Ray radiography [195] to 




In recent years, X-Ray Tomographic techniques have been  continuously 
developing as a non-destructive testing (NDT) technology [196] that has helped in 
investigating the degradation of mechanical properties and the damage initiation process 
as well as providing input for progressive damage models. A study by Bayraktar et al. 
[197] describes the new developments in X-CT with regard to composite materials and 
the fundamental principles of X-CT, its advantages as well as the detection of damage on 
different levels - macro, meso and micro scale - using a medical scanner. Even more 
enhanced 3D visualization techniques, such as microfocus CT and synchrotron radiation 
CT offer the capability to highlight damage such as cracks, delamination, fibre fracture 
and voids down to a resolution of 1 µm [198], [199] or less.  
One of the biggest advantages of utilizing in-situ measurements is that they are 
not affected by crack closure effects which can mask the damage. If imaged in-situ under 
load, the damage state can be recorded in its most accurate representation. Consequently, 
the actual crack length is measurable and the development of damage can be assessed in-
situ when examined at various load levels [200]–[202]. For instance, Hufenbach et al. 
[196] discussed a novel test device that integrates a high precision CT with an integrated 
testing rig. Based on available literature, it is clear that there is no standard method for 
in-situ CT testing of composite materials and a balance has to be found between the 
desired degree of information and the experimental effort that is put into testing [196]. 
In the study presented here, a collaborative project was set up between NASA 
Langley Research Centre in Hampton, Virginia, USA and the Bristol Composites Institute 
at the University of Bristol. An in-situ testing rig developed at NASA by Matheson [203] 
was utilized to carry out interrupted, in-situ X-CT tests of the designed configurations 






Figure 5.6. In-situ test fixture (a) design reproduced from Matheson [203] (b) real life 
testing fixture at the NASA Langley Research Facility (c) testing rig integrated to the 
loading stage in the X-CT scanner at NASA. 
 
The main objective of the collaboration was to execute interrupted tests in order 
to detect the existence and record the extent of cracking in the presented laminate 
configurations at subsequent load levels. Another objective was to determine the effect 
of 90° layer thickness on the cracking strain of the material. Additionally, there were 
exploratory tests carried out to get familiar with the equipment, set up the fixture for the 
appropriate loading as it is designed for both compressive and tensile load applications 
and to develop an efficient method for loading and scanning the specimens to highlight 
the desired damage. This way testing parameters can be consistent, and the results are 
comparable. The data generated throughout this collaboration can provide further 
experimental input to validate different analytical and modelling approaches as well as 
in-situ strength predictions. The results and outcome of the collaborative project will be 




The X-ray CT system that has been utilized in this investigation was manufactured 
by HYTEC, Inc. The CT consists of a Varian PaxScan 4030E detector with 2300 x 3200 
pixels resolution. The X-Ray source consisted of a Kevex 130kV microfocus end window 
tube and the X-Ray settings ranged from 100 -115 kV with the current being set in the 
range of 100-115 mA. The CT system has a rotating loading stage where the in-situ testing 
rig was purpose designed to fit and rotate while the stationary X-Ray source was in 
operation. An average of 1700 images per scan were taken (1700 steps in the 360-degree 
rotation of the specimen). Each image had a capture time of 1 second. For the 
reconstruction and viewing of the images, a commercially available software VG Studio 




5.4.1. Mechanical testing  
 
The stress- strain response of the four different configurations tested are presented 
in Figure 5.7 (a) – (d). The curves correspond to the ultimate failure of the cross-ply 
carbon laminate within the glass layers. Plotting of the graphs was stopped at the point of 
the load drop corresponding to carbon fracture, hence it is not visible on the graphs. When 
compared to the baseline UD measurements discussed in Chapter 4, section 4.4.1, the 
laminates exhibited a similar response if loaded beyond carbon layer failure: the glass 
layers exhibited residual load capacity. 
A slight tension hardening can also be observed in the response of all 
configurations. The measured failure (drop) load, longitudinal and transverse direction 






Figure 5.7. Stress – strain responses acquired during mechanical testing of the designed 
(a) Type 1, (b) Type 2, (c) Type 3 and (d) Type 4 configurations respectively 
  


































































All the acquired data in Table 5.3 represent average values with the corresponding 
number of coupons tested and their respective variability (coefficient of variation [%]).  
Table 5.4 summarises the calculated mechanical longitudinal 𝜎..8  and transverse 
direction 𝜎((8  stresses in the central UD block at failure accounting for the effect of 
Poisson’s ratio. The predicted stresses in both longitudinal ^𝜎..8
∗_	and transverse direction 
including thermal corrections ^𝜎((8
∗_  are presented as well. The calculations of the 
mechanical stresses and the predicted stresses including thermal effects are based on the 
principles explained in Chapter 4, Section 4.4.2. The difference between the estimated 
transverse stresses in Section 5.2.2 and the ones presented below are due to the latter one 
being calculated at a lower level of strain (from the measured failure strain values) rather 
than a fixed strain of 1.62 %. 
 
Table 5.4. Estimated mechanical longitudinal and transverse stresses and the predicted 
combined mechanical and thermal stresses generated in the cross-ply laminate 
configurations 
 Mechanical Mechanical + thermal  
Configuration 𝜎..
8  [MPa] 
(C.o.V. [%]) 








Baseline [SG2/02]s 1572 (0.03) -0.5 (3.24) 1553 4.5 
1. [06/(0/90)5/0/90/02]s 1435 (4.5) 15.3 (6.8) 1407 31.7 
2. [06/02/90/(0/90)3/0/902/02]s 1433 (5.5) 15.1 (5.7) 1406 31.5 
3. [06/02/90/02/90/02/904/02]s 1344 (2.7) 13.7 (9.7) 1316 30.1 
4. [06/02/90/02/90/02/908/02]s 1368 (2.8) 17.3 (4.1) 1336 35.8 
 
5.4.2. Acoustic emission measurements  
 
In this section the AE measurements are illustrated with regard to the AE energy 
released (Figure 5.8), the amplitude of acoustic events (Figure 5.9) as well as the 
cumulative AE energy (Figure 5.10). All three figures illustrate an example specimen of 
each configuration: (a) Type 1, (b) Type 2, (c) Type 3 and (d) Type 4 respectively for 




It has to be noted that the time axes on all curves were synchronised using the start 
of loading as a datum so that they are comparable with each other. 
The AE energy curves on Figure 5.8 do not show significant damage events prior 
to the final failure of the carbon block. However, in all specimen types some higher 
energy events (marked on Figure 5.8 prior failure) can be found just before the load drops 
which mark the failure of the carbon cross-ply block. This is also highlighted in Figure 
5.9, where for the Type 1.-3. coupons, higher amplitude events occur just before the 
failure of the carbon block. However, for the Type 4. specimens, there are damage events 
initiating above the amplitude threshold at around 60% of the peak failure load which 
differ from the damage events described. 
 
 
Figure 5.8. AE energy data acquired during testing of the different type configurations:  





Figure 5.9. The amplitude of the acoustic events measured during testing of the different 
type configurations: (a) Type 1 (b) Type 2 (c) Type 3 and (d) Type 4 respectively 
 
The cumulative energy curves are presented in Figure 5.10. Type 1.-3. specimens 
do not show a rise in cumulative energy until the failure of the carbon block. However, 
for Type 4. specimens, damage events appear earlier during loading which is indicated 
by the rise in the cumulative energy prior to failure. These observations give an indication 






Figure 5.10. The cumulative energy measured during testing of the different type 
configurations: (a) Type 1 (b) Type 2 (c) Type 3 and (d) Type 4 respectively 
 
5.4.3. Damage analysis and in-situ X-CT measurements  
 
In this section, damage and failure analyses of the four different configurations 
are presented based on optical microscopy, in situ and quasi in-situ X-CT tests. Some 
tests were interrupted in order to assess damage prior to final failure, some specimens 
were only examined post failure. The key results are presented in order to determine the 
failure mechanism of the thin-ply cross - ply composite laminates. 
 Initially, in-situ X-CT tests were carried out to assess the damage state and the 
presence of cracks in the different configurations. These tests involved taking an intact 
specimen and loading it to a specific load level in order to open up the cracks within the 
laminate and then conducting X-Ray CT examination.  
For Type 1 and Type 2 specimens with 901 and 902 layers adjacent to the central 




thickness. However, for the Type 3 and Type 4 coupons with blocks of 904 and 908 plies 
adjacent to the central zeroes, the appearance of transverse cracks was more likely due to 
the increased layer thickness.  
After initial tests it was found that simply using an in-situ X-CT test is not 
sufficient to highlight cracking occurring in such thin-ply specimens. An example of this 
is shown in Figure 5.11 where (a) a Type 4 specimen interrupted at 95.9% load level was 
scanned in-situ (with a nominal load applied to open up the cracks) and (b) the same 
specimen was scanned in an unloaded (but already damaged state) using dye penetrant. It 




Figure 5.11. Comparison of X-CT images of the same Type 4 specimen taken (a) using 
an in-situ method with a nominal load applied (b) with no in-situ testing rig, in an 
unloaded state using dye penetrant. 
 
Consequently, a quasi in-situ or ‘ex-situ’ X-CT procedure was developed that 
proved successful in showing the desired damage state of the specimens. It consisted of 





1. The specimen was loaded to a set percentage load level to generate damage within 
the coupon. 
2. The specimen was unloaded 
3. Dye penetrant was applied with a syringe on the edge of the specimens 
4. The specimen was loaded up to a nominal load of ≈ 24.5 kN (60% of average peak 
failure load) to open up any cracks present 
5. Dye penetrant was applied again on the edge of the specimens so that it can 
infiltrate/penetrate the cracks through the capillary action 
6. The specimen was unloaded 
7. X-CT scan was performed 
It has to be noted that the double application of dye penetrant was carried out only 
to make sure the dye penetrated all the cracks possible, however it was not necessary. The 
dye penetrant utilized was a zinc iodide solution that contained ZnI2 powder, water, 
isopropyl alcohol, and Kodak Photo Flo type wetting agent. 
  
 





The testing matrix with the load levels acquired for the interrupted tests for each 
configuration is shown in Table 5.5. The load levels are not consistent due to the variation 
of coupon failure during testing.  
The specimens with load levels written in italic style were tested and scanned at 
the NASA Langley Research facility whereas the ones with bold style were loaded at the 
University of Bristol but scanned at NASA.  
The percentage of load levels appropriate to the given configuration were 
determined: for the Type 1 and Type 2 specimens it was desirable to achieve the highest 
load level possible as cracking was not expected, whilst for Type 3 and Type 4 coupons 
it was desirable to reduce the load level to be able to determine the onset of first cracking. 
It has to be noted that in some cases (Type 1 and Type 2 configuration) higher load levels 
could not be achieved for the interrupted tests due to the premature failure of the 
specimens.  
 






Load levels for interrupted tests [%]  
(Equivalent load in [kN]) 



































In the following, a number of images will be presented for each configuration. All 
the X-CT scans illustrated here were taken using dye penetrant. The scanned areas of the 
specimens were 35 x 20 mm with a resolution of 17.6 microns per voxel. The images 
represent all damage within the carbon layers. An additional image of the X-CT tests 




5.4.3.1. Type 1. configuration - [06/(0/90)5/0/90/02]s 
 
 X-CT images taken of the configuration with a single 90 ply adjacent to the central 
UD block can be seen in Figure 5.13 (a) and (b). They were taken at the highest load level 
achieved prior to failure - 89% of the previous final failure load - for this configuration. 
Maximum and minimum highlight (the intensity of projection) represent different 
processing parameters with regard to the grey scale value setting when handling raw data 
in the software. 
Maximum highlight is favourable for showing areas with the presence of dye 
penetrant especially at the edges, whereas minimum highlight is favourable for areas 
which are not penetrated. The highest interrupted load level for this configuration does 
not show evidence of transverse cracking or edge cracking. However, some local damage 
- delamination – can be observed on Figure 5.13 (b). This interfacial damage is likely to 
be due to material induced defects. On Figure 5.13 (c) traces of very small edge cracks 
are visible at very high magnification. 
Figure 5.14 exhibits an image taken under an optical microscope where the edge 
of the specimen was treated with ultraviolet (UV) dye penetrant. This way, under UV 
light the penetrated dye shows up with high contrast, without the use of a developer. The 
image of the failed coupon was taken at the location of failure. The 0°-layer fracture can 
be seen with transverse cracks spread through the thickness of the cross-ply carbon block. 
Since there were no transverse cracks found away from the failure location in the 
specimen, the UD block is believed to have fractured first followed by instant transverse 
cracking through the laminate leading to the failure of the whole carbon block and 
delamination from the embedding glass layers. The glass block can be seen in one side 






Figure 5.13. X-CT images taken of a Type 1 specimen with (a) maximum highlight 
(showing dye penetrated areas typically connected to the surface of the specimen) and (b) 
minimum highlight showing any encapsulated / enclosed internal damage away from the 




5.13 (c) images of specimen loaded to a lower interruption load level is presented showing 
edge cracks. 
 
Figure 5.14. An image taken under a Zeiss optical microscope: UV dye paint was applied 
on the edge of a failed Type 1 specimen to highlight cracking and damage at the location 
of failure. 
 
5.4.3.2. Type 2. configuration - [06/02/90/(0/90)3/0/902/02]s 
 
The damage highlighted for the configuration with a double 90° block at 92% and 
85% of the peak failure load is shown in Figure 5.15 (a) and (b) respectively. As can be 
seen on Figure 5.15 (a), there is a similar damage pattern present in the carbon layer and 
some damage in the glass layers possibly due to material defects. Furthermore, small 
cracks are visible in close proximity (within 1 mm) of the edge of the specimen 
interrupted at 85% on Figure 5.15 (b). These edge cracks are only present in the 90° 
blocks adjacent to the central UD laminate and they do not extend fully across the width 





Figure 5.15. X-CT images taken of Type 2 specimens interrupted at (a) 92% and (b) 85% 




specimens due to inherent material defects as well as some free edge cracks that do not 
extend across the width of the specimen. 
5.4.3.3. Type 3. configuration - [06/02/90/02/90/02/904/02]s 
 
The processed X-CT image of an interrupted Type 3 specimen at 95.9% of the 
failure load is shown in Figure 5.16. 
 
 
Figure 5.16. X-CT damage representation of an interrupted Type 3 specimen at 95.9% of 




On Figure 5.16, free edge cracks can be observed that extended even further than 
previous configurations but not across the whole width of the specimens. These cracks 
can only be found within the 90° blocks surrounding the UD plies not in other 90° plies 
away from the midplane. Another representation for such interrupted Type 3 specimens 
with decreasing load levels is presented in Figure 5.17 (a) – (c). Three additional load 
points – 85%, 80% and 70% - are shown respectively with both maximum (left side) and 
minimum highlight (right side) of each configuration as discussed above.  
The edge cracks are visible on the left side of Figure 5.17 (a) – (b) and (c) 
respectively where a decrease in both density and the length of such cracks can be 
observed. On the right side, any internal damage away from the edges within the carbon 
plies is presented. Some small local delamination due to transverse cracks as well as fibre 






Figure 5.17. X-CT scans of Type 3 specimens interrupted at (a) 85% (b) 80% (c) 70% of 




highlight can be found showing the free edge cracks in the laminate whereas on the right, 
the internal damage is presented within the carbon layers. 
5.4.3.4. Type 4. configuration - [06/02/90/02/90/02/908/02]s 
 
Figure 5.18 exhibits the X-CT scans of the interrupted coupons with four different 
load levels – 95.9%, 83.9%, 80% and 70% respectively. Transverse cracks can be clearly 
seen on the images, even extending across the whole width of the laminates. Again, it 
must be emphasized that these transverse cracks are only present within the thick 90° 
blocks adjacent to the central UD laminate. The higher the load level and the amount of 
damage generated in the laminates, the higher the crack density and longer the crack 
length. The coupon interrupted at 83.9 % of the peak failure load on Figure 5.18 exhibits 
an increased density of cracks when compared to the coupon with the highest load level 
achieved (95.9 %). It is due to that particular specimen being exposed to in-situ loading 





Figure 5.18. X-CT scans of the interrupted Type 4 specimens at four different load levels 
– 95.9%, 83.9%, 80% and 70% respectively, exhibiting transverse cracking across the 
width of the laminates within the thick 90° blocks adjacent to the zeroes. The crack length 




5.4.3.5. General observations 
 
 Overall, the X-Ray images taken for all configurations exhibited some form of 
damage due to material defects. There were no transverse cracks observed in the outer 90° 
plies (either single or double block) but only in the thicker ones adjacent to the central 
UD layer. This way the failure of the laminates was indeed only influenced by the 90° 
block adjacent to the central UD layer. There were no full width transverse cracks found 
in the Type 1, Type 2 or Type 3 laminates, however with the 908 block, for the Type 4 
coupons full width transverse cracks appeared as well.  
The damage mechanism of thin-ply laminates differ from that of the thicker ones: 
for thin-ply composites, damage may initiate at low stress levels but that does not 
necessarily lead to the final failure of the laminate. Crack propagation is mostly energy 
driven, and so for thin layers, if a crack was to develop within the layer, it would not have 
enough energy to propagate. Hence, for thin plies there can be some localised damage 
especially around the interfaces (such as edge cracks), however, there is not enough 
energy to grow the damaged sites. Crack initiation is dependent on clusters of fibres, weak 
points, local stress concentrations, defects, voids etc, and once a critical stress level is 
reached, a crack propagates instantaneously through the thickness and width direction if 
the ply is thick. 
The free-edge cracks and the full width transverse cracks observed can be 
differentiated as separate mechanisms when defining the onset of damage in thin-ply, 
cross-ply laminates. This behaviour was also investigated for thin-ply composites with a 
varying 90° ply thickness from 300 µm down to 30 µm by Kohler et al. [155] who 
observed a similar behaviour where edge cracks and full width transverse cracks were 
considered as separate mechanisms with different onset stresses. They concluded that the 
propagation of edge cracks into the bulk was specific to layer thicknesses between 50 µm 
to 200 µm. When these transverse cracks propagated, the dominant damage mechanism 
following transverse cracking was delamination for thicker plies, and translaminar 




picked up damage events only when the edge crack propagated into the bulk of the 
specimens.  
This was also illustrated in this study as the Type 4 specimens exhibiting extensive 
transverse cracking (propagating from the edge into the bulk, across the width) was 
picked up by the AE measurements (Figure 5.9). 
In other cases (Type 1.-3.) there were no damage events exceeding the 40-dB 
threshold set for the sensors, except the ones very close to failure. For these cases, also 
there was no evidence of full width transverse cracks within the interrupted specimens.  
This study is a good indicator that free-edge cracks alone are not a reliable 
indicator of damage for thin-ply laminates. The dominant damage mechanism is the 
propagation of such edge cracks into the bulk of the specimens which can be 
experimentally determined through AE measurements and X-CT examination.  
 
5.4.4. General discussion of results 
 
An illustration of the estimated longitudinal failure stress as a function of the 90n 
block thickness for all configurations including the baseline measurements without any 
90 plies is shown in Figure 5.19. All stresses presented include corrections for the Poisson 
effect as well as thermal residual stresses. 
As can be seen from Figure 5.19, there is a 7.6 % reduction in stress from the 
baseline measurements of the UD material to the configuration with single and double 
90n layers. This reduction in stress is likely to be due to the early free-edge cracks 
appearing in the 90° plies in the Type 1 and 2 configurations. When specimens are loaded, 
the UD block experiences additional stress concentrations imposed on it due to the free 
edge cracks appearing in the 90° plies. If there were no edge cracks appearing, the stress 
distribution in the 0° plies would be more uniform and at a lower level. Besides, the 




A study carried out by Xu et al. [204] looking at effects of transverse cracking on 
un-notched and notched strengths of quasi-isotropic (QI) carbon/epoxy laminates showed 
that in a typical unnotched QI carbon/epoxy laminate with no damage present, the 90 
degree ply experiences an increase in stress at the free edges as illustrated in Figure 5.20 
reproduced from [204]. This increased stress state (or the extra strain present in the 
90°layers) could have led to the initation of small free-edge cracks early on. 
 
 
Figure 5.19. 90°-layer thickness in function of the estimated longitudinal failure stress for 
all Type 1.-4. specimens including the baseline measurements. All stress data shown 
include corrections for the Poisson effect as well as residual thermal stresses. Error bars 
are displayed based on strain measurements. 
 
When the 90° block thickness increases for the Type 3 and Type 4 configurations, 
we can see a further decrease in both the strain to failure and the calculated failure stresses 
in Table 5.3. This decrease is believed to be due to the free-edge cracks extending into 
the bulk of the specimens - in the case of Type 4 coupons all the way across the width - 






Figure 5.20. Free edge effects predicted in unnotched QI carbon epoxy laminates with no 
damage present, reproduced from [204] 
 
Generally, as the block thickness increased, there was additional loading put on 
the 0-degree plies due to the presence of extended edge cracks (Type 1-3 specimens) 
and/or transverse cracks (Type 4 specimens) which led to the further decrease in the 
mechanical properties. There are two factors that may contribute to this. 
On one hand, there are free edge effects, and the onset of full transverse cracks 
causes stress concentrations near the edges of the laminate. These stress concentrations 
can lead to the redistribution of load from 90° plies onto the adjacent 0° plies. This effect 
is illustrated by the study of Xu et al. [204] who carried out FE simulations on a slice of 
a quasi-isotropic IM7/8552 laminate with a layup of [45/90/-45/0]4s, with full cracks in 
all the 90° layers and boundary conditions representing a repeating array of cracks. This 
showed the effect of the special state of stress near the free edge, but since only one 
element was used per ply, it was insufficient to model the localised stress concentration 
due to the crack. The analysis showed about 5 % increase in stresses at the edges in the 





On the other hand, stress concentrations are also imposed on the 0° plies locally 
due to the transverse cracks in the laminate.  
In a modelling study by Melnikov et al. [205], a drop in the predicted strength 
was observed when investigating the influence of transverse cracks on the failure of  0° 
plies (and therefore their strength) in cross-ply laminates.  
 
 
Figure 5.21. Stress distribution in the 0° plies close to ultimate failure with 90° matrix 
cracks present in the model, reproduced from [204] 
 
Their models found a 3.9 % decrease in strength for thin-ply cross-ply laminates 
when compared to the UD composite, assuming a single crack in the laminate. For the 
calculations, a fibre break model was used accounting for strain non-uniformity and stress 
concentrations induced by the transverse cracks. The stress concentrations generated 
around the crack tips in the model were distinct for thick and thin plies due to the 





The models are not directly comparable with the experimental results presented 
here because the materials and layups are different. It is uncertain if Poisson contraction 
and thermal effects are accounted for in their model. Furthermore, this study does not take 
account of the non-linear behaviour of the material. 
Overall, it can be said that both effects mentioned above – stress concentrations 
imposed locally on the 0° plies and free edge effects – are present in this study and would 
be expected to affect the strength of the laminates. The measured strength reductions in 








 A biaxial stress state of longitudinal tension and transverse tension was 
successfully induced on the UD layers by means of residual thermal stresses. Since the 
generated transverse stresses did not seem sufficient to investigate its effects on the UD 
ply block, the emphasis was put on investigating the effect of transverse cracking on the 
fibre direction strain to failure. Four different cross-ply configurations were designed with 
varying thicknesses of 90° plies adjacent to the central 0 plies. It was found that thin-ply 
materials are indeed capable of suppressing transverse micro-cracking away from the 
edges. Quasi in-situ X-Ray CT tests were successfully carried out to determine the extent 
of damage (edge cracks and matrix cracks) within the configurations.  
Furthermore, AE measurements were carried out which successfully indicated the 
presence of full width transverse cracks (Type 4 configuration) but not the free-edge 
cracks. The initiation of edge cracks and their progression into the bulk of the material 
has to be differentiated.  
Even though there is local damage present as free-edge cracks, there is not enough 
energy for these to grow (Type 1-3 configuration). Type 4 configuration exhibited 
extended transverse cracks across the full width of the specimens. A small drop can be 
found in the failure strain of the Type 1 and Type 2 configurations which can be attributed 
to the small edge cracks present. As these cracks further develop across the width of the 
specimens, a larger volume of the material is affected, hence the continued degradation 
of the properties due to the imposed stress concentrations both locally and globally 
(laminate level) on the zero degree layers. Matrix cracking indeed results in reduced 




Chapter 6    
 
Longitudinal compression – transverse tension: a novel 
test method to induce bi-axial stress states in thin-ply 
composites 
 
A novel testing approach inspired by a study of Laurin et al. [206] is introduced 
incorporating thin-ply, UD/angle-ply composite laminates. The combined loading of 
longitudinal compression and transverse tension at the ply level is applied indirectly in a 
tensile test set-up through the Poisson contraction of the laminates. Using the advantages 
of thin-ply composites to delay or suppress the onset of damage, these materials are good 
candidates for evaluating the interaction between fibre kinking and transverse stresses. 
They provide versatile solutions for stacking sequence optimization and higher 
compressive strengths are reported when utilizing such materials [207]. The selection of 
the stacking sequence was carried out using a design of experiments (DOE). To achieve 
the desired multi-axial stress state in the UD layers, an advanced failure criterion 
developed by Laurin et al. [119] is used to ensure that any premature or undesired failure 
mode is avoided. It is necessary to use such failure criteria especially since in a multi-
directional laminate there is a competition between the different damage modes. Three 
different configurations were experimentally investigated using advanced measurement 
techniques such as DIC and AE as well as post failure examination using optical 
microscopy and Scanning Electron Microscope (SEM) imaging. Size effects and their 
effect on compressive failure were also investigated. 
 This study was carried out in collaboration with ONERA, the French Aerospace 
Lab in Châtillon, France. The design and optimization part of the study was conducted at 
ONERA during a research placement undertaken by the author, whereas the laminates 




Testing of the coupons and some post failure imaging was also carried out during further 




This section similarly to previous chapters, will cover some of the key topics in 
the literature related to the discussed study. The mentioned references are not exhaustive 
but highlight the key research areas. 
 Compressive strength of carbon composites is usually lower than their ultimate 
tensile strength which makes it both a key design consideration and a limiting factor in 
structural design [208]. Experimentally determining the in-plane longitudinal 
compressive strength of UD plies still poses great technical challenges especially since 
the compressive failure mechanism being sensitive to the alignment and geometry of the 
specimens, the way that the load is introduced, overall buckling as well as the arising 
stress concentrations [206]. For these reasons, one of the biggest challenges for many 
industries is to be able to determine UD ply compressive strengths in the most accurate 
way and to take material variability into account as recommended by aeronautical 
standards [113]. If compressive behaviour is better understood and novel, more reliable 
measurement techniques are developed, the confidence in compressive properties can be 
enhanced, aiding the safety of structures that are predominantly controlled by 
compressive failure e.g. under hot-wet conditions, impact loading, bearing loading in 
mechanical joints and at notches [209]. 
 
6.1.1. Compressive failure  
 
 Compression failure [208]–[231] has been extensively studied in the literature and 
it was found that for the most commonly used high strength (PAN based) carbon/epoxy 
composites when the UD material is subjected to uniaxial compressive loading, the failure 




This instability results in short-wavelength buckling [220]- commonly called micro-
buckling– of the fibres followed by plastic deformation in the surrounding matrix 
allowing further rotation of the fibres. This rotation induces additional shear stresses (both 
in and out-of-plane) leading to the formation of fibre failure and ‘kink-bands’. A 
schematic illustrating the three phases of compressive failure is shown in Figure 6.1 [232]: 
(a) initially, localised elastic-plastic shearing and buckling of the fibres occur followed 
by a transient stage (b) where the localised kinking areas grow and form the so-called 
kink bands.  
Figure 6.1 (c) demonstrates the lateral propagation of such macroscopic kink-
bands resulting in an overall failure of the specimen. It has to be noted that for carbon 
fibre reinforced polymers (CFRP) due to their inherent brittleness and sudden, 
catastrophic fracture, the three stages of compressive failure are very difficult to observe 
experimentally [233], [234]. 
 
Figure 6.1. Three stages of damage contributing to the compressive failure of CFRP: (a) 
in-plane fibre micro-buckling (b) formation of kink-bands and their geometrical features 
(c) final failure, reproduced from [232]. 
 
Overall, shear instability is mainly influenced by geometrical imperfections such 
as fibre waviness and random fibre spacing [212] and highly dependent on the shear 




In various studies [208], [209], [211], [218], [230], [235]–[237], it was found that 
the key factor influencing the UD compressive strength is the arising in-plane shear 
stresses which reduce the compressive performance significantly. These in-plane shear 
stresses are mostly induced by initial fibre misalignment or fibre waviness. An example 
of it is a study carried out by Wisnom [209] who looked at initial fibre misalignment 
effects on the compressive failure of XAS/914 carbon/epoxy even at very small angles as 
illustrated in Figure 6.2. It has to be noted that fibre waviness and misalignment are 
distinct defects in the material. Waviness represents a periodic (e.g. sinusoidal) mis-
orientation of the fibres when compared to the neutral axis of the fibres in the x direction. 
On the contrary, misalignment is a mis-orientation of the fibre when compared to the 
neutral axis of the composite. 
 
 
Figure 6.2. Predicted compressive strength as a function of the fibre misalignment angle 





Most failure theories that predict the compressive strength usually consider fibre 
stability as the basis of their predictions. One of the earliest and most well-known models 
was published by Rosen [238]. Rosen’s model is dependent on the fibre volume fraction 
of the composite where two different modes of micro-buckling were distinguished: an in-
plane (shear mode) for higher volume fractions which leads to kink-band formation with 
increasing loads, and an out-of-plane micro-buckling (extension mode) for lower Vf 
materials. The shear mode usually predicts lower values for most composites and hence 
is considered as the critical compressive failure mode [225]. The model presents the 







,where Gm is the shear modulus of the matrix and Vf is the fibre volume fraction of the 
composite.  
It is based on strain energy principles where fibres are modelled as perfectly 
straight beams (2D layered elastic model with rigid fibres) significantly overestimating 
the compressive strength of the material [209], [211] when compared to experimental 
measurements. 
 
6.1.2. Compressive testing methods  
 
With regard to determining the compressive strength of the UD material, there are 
various standards, methods and fixtures available in the literature. Standards usually 
define the ultimate compressive strength of the material with respect to the initiation of 
the kinking process. The main differences rely on the load introduction to the specimens 





The Illinois Institute of Technology Research Institute (IITRI) compression rig 
[239] introduces compression to tabbed specimens through shear loading at the 
trapezoidal wedge grip faces. The relevant standard for the utilization of such fixture can 
be found in the ASTM D3410/D3410M manual [240]. Alternatively, in other studies, - a 
rig designed by Haberle et al. [121] and also used by Soutis et al. [241] - compression is 
introduced by end loading using a modified (Imperial College of Science, Technology 
and Medicine) ICSTM fixture or otherwise called the ‘Imperial College Rig’ as illustrated 
in Figure 6.3. Currently, this is one of the most commonly used compression testing 
fixture that is supported by the ASTM D695-15 standard [242]. Additionally, a method 
was also developed for combined (shear and end) loading of compression specimens as 
defined by the ASTM D6641/D6641M standard [243], however it is less often used in 
compression testing. 
Coupons for compressive testing are usually designed to be with relatively small 
gauge lengths (low slenderness ratio) to avoid overall buckling and preferably as thin as 
possible to reduce material costs. It is very difficult to achieve gauge section coupon 
failure especially because most measurements are hindered by stress concentrations. The 
premature failure of the specimens (usually still by fibre kinking) can result in a knock-
down in their measured strength/strain values and high variability (coefficient of variation 





Figure 6.3. A schematic exploded view of the Imperial College compression testing 
fixture ICSTM, reproduced from [121] 
 
6.1.3. Size effects 
 
A strength reduction can be observed in the studies carried out by Lee and Soutis 
[241], [244], [245] who experimentally investigated the effects of specimen size on the 
axial compressive strength of T800/924C, IM7/8552 and T300/924C carbon/epoxy 
systems. In all cases a significant decrease in compressive strength was observed as the 
thickness and volume of the specimens increased as shown in Figure 6.4, reproduced from 
[245]. In Figure 6.4, even though the trend is quite similar for the two distinct materials: 
T800/924C and IM7/8552 on the left and right respectively, they differ in their scaling as 
the curve for T800/924C is thickness scaled and for IM7/8552 is volume scaled 
respectively. Hence, it can be postulated that the decrease in compressive strength is more 




shear loads required to apply the desired compressive loading, which may lead to earlier 
failure and the effect shown below.  
On the other hand, the reported variability of the measurements improved as a 
lower scattering can be seen for thicker laminates. In the study, stress concentrations were 
suggested to be the main cause of reduction in the compressive strength of the laminates. 
However, it was noted that for compression, the key factors in influencing size effects in 
UD composites were fibre waviness, void content and the increasing shear stresses with 
thicker specimens. Furthermore, for a comprehensive review on size (volume) effects and 
supporting experimental data with regard to the unnotched compressive strength of 




Figure 6.4. Average compressive strength of UD T800/924C and IM7/8552 carbon/epoxy 
composites with increasing specimen thickness and volume respectively, reproduced 
from [245]. 
 
6.1.4. Bending tests 
 
As an alternative to conventional compression tests, bending tests have also been 
proposed as a means of measuring the UD compressive strength [247]–[250]. However, 




point bend (4PB) testing methods, premature failure of the specimens can often be 
observed due to the arising stress concentrations under the rollers.  
Besides, for bending tests, the strain gradient effect through the thickness also has 
to be accounted for as it overestimates the measured compressive strength due to the 
constraint on instability from the adjacent less highly stressed material. 
Also, a compression test fixture with pivots [251]–[253] was investigated as a way 
to determine the compressive strength of composite materials in bending. Bending loads 
are generated by the eccentricity of the device offsetting the mid-plane of the specimens. 
When large eccentricity is applied, it is equivalent to a quasi-pure bending test (4PB). 
This way, stress concentrations are avoided both at the grips and at the rollers due to the 
lack of contact. Damage and failure can be directly observed on the surface at the gauge 
section of the specimens. On the other hand, it requires non-linear finite element analysis 
(FEA) in order to determine the compressive strength of the material from test data 
although strain can be directly obtained. 
 
6.1.5. Current study 
 
Laurin et al. [206] developed a novel tensile test method which indirectly 
determines the longitudinal compressive strength of a 90° CFRP ply in an angle-ply 
laminate. The compression is put on the 90° fibres without any external loading through 
the Poisson contraction of the laminate when tested under uniaxial tension. However, in 
such a test, there are also transverse tensile stresses arising in the laminate hence creating 
a multi-axial stress state of longitudinal compression – transverse tension in the 90° layers. 
In Laurin’s study, it was assumed that such transverse tensile stresses do not affect the 
estimation of the longitudinal compressive strength. Considering thin-ply materials can 
further advance the investigation of the coupling between compressive failure and 
transverse stresses. Also, potentially due to the amount of transverse stresses generated, 
transverse cracks may appear in the laminate. To investigate this and possible ply 




using such thin materials while determining the compressive strength by using the above 
mentioned non-conventional tensile test method under a multi-axial stress state of 
longitudinal compression and transverse tension. 
6.2. Design and optimization 
 
A Poisson effect can be observed when an angle-ply/90° laminate is put under 
uniaxial tension. This effect essentially induces indirect compressive loading on the 90° 
plies, potentially leading to their compressive failure. However, this compressive failure 
may be preceded by other damage mechanisms as illustrated in Figure 6.5, reproduced 
from Laurin et al. [206]. The macroscopic behaviour of a [90/302/-302]s laminate [16] 
predicted by the ONERA Progressive Failure Model (OPFM) [119] shows transverse 
cracking in both the 90° and ±30° plies prior to compressive failure.  
 
 
Figure 6.5. Macroscopic behaviour of a E-Glass/LY556 [90/302/-302]s laminate: the 
damage predicted by the OPFM model [119] under uniaxial tensile loading 
  
Eyer [254] studied the interaction between matrix damage and the compressive 
strength of composites in the fibre direction. It was shown that matrix damage (transverse 
cracking) does significantly affect the UD compressive strength. Furthermore, when 
damage as such appears prior to final failure, the load is redistributed in a complex manner 




In the study by Laurin et al. [206], the ultimate compressive strength was 
determined without detecting any damage such as matrix cracks or delamination prior to 
final failure (fibre kinking in the 90° plies). The damage scenario was validated by using 
in-situ thermography, post failure X-Ray CT and fractography using SEM imaging.   
 
6.2.1. Lay-up optimization 
 
Initially, the design involved finding laminate solutions that comply with the  lay-
up structure of [(±𝜃1)/(±𝜃2)/(±𝜃3)/(±𝜃4)…/90n]s while satisfying the condition of 
exhibiting longitudinal fibre compressive failure in the 90° plies with no preceding in-
plane damage. The lay-up shown above defines the possible design space as the stacking 
sequence does not influence the membrane properties of the designed laminates. To 
achieve such failure and the multi-axial stress-state in the UD (90°) layers, an advanced 
failure criterion (OPFM) developed by Laurin et al. [119] is considered (section 6.2.2).  
The lay-up optimization to achieve a maximum amount of transverse tensile stress 
in the 90° plies was carried out using a design of experiments (DOE) in commercially 
available MATLAB software, as discussed in Section 6.2.3. A schematic illustration of a 





Figure 6.6. A schematic illustration of a typical specimen where the thin-ply central 90° 
UD block is embedded in thin-ply angle ply blocks of the same material. A combined 
stress state of longitudinal compression and transverse tension is induced in the central 
UD plies. 
Additionally, there were other constraints applied throughout laminate design 
including some industrial laminate design guidelines [113] (so it can be more easily re-
generated by industry and picked up as a test design) as per the following: 
• Symmetry, balance, contiguity and disorientation (∆𝜃 £ 45° to limit delamination 
edge effect) 
• Using ply orientations for the ±𝜃 plies: 0°<𝜃<90° with a minimum increment of 15°: 
15°, 30°, 45°, 60° or 75° only 
• Only in-plane (membrane) loading is considered 
• Lay-up configurations providing sufficient thickness due to the use of thin-ply 
material (TC33/K51 carbon/epoxy) 
• Blocked angle plies have to be avoided due to the dependency of transverse tensile 





6.2.2. Laminate failure and the ONERA Progressive Failure Model (OPFM) 
 
 In multi-directional laminates, it is necessary to use failure multi criteria because 
often there is a competition between failure and damage modes. In the proposed laminate 
design, there are four possible modes of failure: (i) damage appearing in the 90° layers 
that can result in matrix failure by transverse tension or (ii) damage appearing in the ±𝜃 
layers leading to matrix failure by a more complex stress state mainly due to shear, (iii) 
tensile fibre failure in ±𝜃 layers (for angles close to 0°) generated due to applied 
macroscopic tensile loading and (iv) 90° fibre failure in longitudinal compression. It has 
to be noted that the damage modes are highly dependent on the thickness of the laminate 
and the transverse tensile (Yt) and shear strength (Se) of the material. A limitation of the 
proposed approach consists in neglecting edge delamination which could appear, 
especially at the interface of 90°/±𝜃, depending on the considered stacking sequence. This 
point will be discussed later in section 6.3.3. 
 
6.2.2.1. ONERA Progressive Failure Model (OPFM) 
 
The failure criterion used in this study is a 2D multiscale progressive failure 
approach called the OPFM model [119] under plane stress hypotheses, made for 
describing the failure behaviour of laminates under multiaxial in-plane loadings. The 
extension of this model to 3D multiscale failure under triaxial loadings was also 
developed by Laurin et al. [255].  
The key points include the viscoelastic behaviour of the matrix, the non-linear 
elasticity in the fibre direction of the utilized carbon prepreg, the influence of ply 
thickness (90° block thickness) on the transverse tensile (Yt) and in-plane shear (Se) 
strengths, an advanced failure criteria as well as the consideration of thermal residual 




however the reader is referred to the original study by Laurin et al. [119] for in depth 
interpretation. 
The OPFM model predicts the ply-by-ply failure sequence of the laminate until 
final failure is reached. Final failure is described by a stress based, mesoscopic failure 
criterion which distinguishes between a fibre failure mode (FF) and an interfibre failure 
mode (IFF) in both tension and compression. This criterion is based on Hashin’s 
assumptions, but it is further improved by taking into account the coupling between the 
shear strength and the transverse stresses (i.e. apparent strength enhancement for 
combined transverse compression and in-plane shear loading and strength decrease for 
combined transverse tension and in-plane shear loading. Furthermore, a degradation 
variable (coupling between the longitudinal tensile strength and degradation of the matrix) 
- df - is introduced to describe the degradation of interfibre strengths due to premature 
fibre failure occurring for high longitudinal stress levels.  
Interfibre failure in this case is defined as the onset of transverse cracking. A good 
agreement was found between the predicted failure envelopes by OPFM and the 
experimental test data found in the literature as shown in Figure 6.7 reproduced from 
[119]. 
 
Figure 6.7. Failure envelopes of UD plies under a combined transverse and shear loading 




In the model, the ply behaviour is described by thermo-viscoelastic considerations. 
Thermal residual stresses may have a significant effect on the prediction of first ply failure 
hence they are accounted for in the model considering in a simple manner the introduction 
of the thermal strain and simulating the cooling and the end of the curing process. 
Additionally, the viscoelasticity of the matrix is introduced in order to describe the non-
linearity observed on UD ply subjected to in-plane shear loading. It also allows for taking 
account of the effect of loading rate and to be able to describe creep and relaxation tests. 
The progressive degradation model is based on continuum damage theory and is thermo-
dynamically consistent. Stiffness degradation is differentiated for fibre and interfibre 
failures. Also, the evolution of damage variables and the effect of failure on mesoscopic 
behaviour are treated separately. 
 
6.2.2.2. Other considerations 
 
In progressive damage analysis, the in-situ interfibre strength plays a crucial role 
in determining the onset of damage or predicting the first transverse crack in laminates 
[143]. The in-situ effect was first discovered by Parvizi et al. [150] who studied the failure 
of cross-ply glass fibre reinforced composites. Higher transverse tensile strengths were 
reported for the UD ply in a constrained state (surrounded by different fibre orientations) 
compared to the strength of the ply in an all UD laminate. Therefore, the in-situ strength 
depends on the layer thickness, the stiffness of the constraining plies, and the position of 
the ply under investigation in the laminate [143], [256]. The influence of layer thickness 
was investigated by various authors such as Wang [257] and Camanho et al. [258] who 
found that thinner plies exhibited higher in-situ transverse strength values. This layer 
thickness effect is demonstrated in Figure 6.8 (a) reproduced from [255]. The figure 
shows the apparent transverse tensile strength as a function of the ply or layer thickness. 
It can be stated that the onset of transverse cracking needs to fulfil two different criteria 
which are both necessary. The stress criterion relates to the initiation of transverse cracks 
whereas the energy criterion corresponds to the propagation of such micro scale damage 




incorporated in the OPFM. The fitting parameters for the energy criterion (GIc and GIIc) 
were adopted from the previous study by Laurin et al. [206] who have applied the model 
on different carbon/epoxy materials eg. IM7/8552 and AS4/3501-6 which the GIc and GIIc 
values are known for. It has to be noted that the energy release rates are related to the 
threshold and evolution of transverse cracks.  
Furthermore, the non-linear elastic behaviour of carbon fibre in the fibre direction 
is also taken into consideration by the model. A hardening in tension and softening in 
compression can be observed [259] which makes it an important parameter to consider 
when identifying the compressive strength of the UD material. This non-linear behaviour 
may be partly affected by the initial waviness of the fibres inside the composite materials. 
The behaviour is illustrated in Figure 6.8 (b) [260]. 
 
Figure 6.8. Illustration of (a) the layer thickness effect on the apparent transverse tensile 
strength (Yt) reproduced from [255] b) the fibre direction non-linear elastic behaviour of 
carbon fibre materials reproduced from [260]. Both curves are generated using the 
multiscale model in [255]. 
 
 The parameters needed for material identification were determined from the basic 
material characterisation tests presented in Chapter 3. Parameters associated with non-
linear elasticity such as 𝐸.. , 𝜈.( , 𝐸.B  (asymptotic Young modulus in tension) and 𝜀.B 
(corresponding asymptotic strain in tension) were identified using the tensile tests carried 




represent the viscoelastic material coefficients for transverse tension and in-plane shear 
tests respectively. If the 𝛽((  coefficient was zero, a linear elastic response would be 
obtained for the material in the transverse direction. They were determined, along with 
𝐸((, 𝐺.(,	and γ, using the classical tensile tests carried out on the 90° laminate and the 
tensile tests on the ±45° laminate respectively. 
The results of model identification on the TC33/K51 laminate are illustrated in 
Figure 6.9 (a) – (c). Non-linear behaviour can be observed in the 0° laminate that is 
subjected to tension as shown on Figure 6.9 (a). Additionally, the viscoelasticity of the 
matrix plays a major role on the behaviour of the ±45° laminate under tension as plotted 
on Figure 6.9 (c). Overall, it can be said that the behaviour of the material was captured 
well by the OPFM. 
 
 
Figure 6.9. Results of model identification on the thin-ply TC33/K51 material: (a) 0° 




 The input parameters used in the MATLAB code for the OPFM model included 
ply orientations of the examined laminate, their ply thicknesses, the definition of material 
properties as well as defining the load case, both mechanical and thermal. The output 
parameters of the model include the incremental value of the generalised loads (N and M) 
and the midplane deformations and curvatures as well as the damage history for each ply 
in the order of occurrence. Additionally, the OPFM assumes that the transverse tensile 
stresses do not affect the longitudinal compressive strength of the material if no matrix 
cracks are generated prior failure. The assumption is underpinned by a study of Hütter et 
al. [261] who demonstrated experimentally on E-Glass/LY556 tubular specimens that the 
interaction between transverse stresses and longitudinal compression is not significant. 
 
6.2.3. Design of Experiments (DOE) 
 
 In the design of composite structures, on the laminate scale, there are three design 
variables that can be changed to vary laminate properties: the number of plies, ply 
orientations and the stacking order. A DOE is used in order to explore the design space 
and find the configurations that can satisfy the set conditions.  
One of the first constraints in such a design of experiments was to set the total 
number of plies to 28 which is consistent with other experimental studies carried out as 
part of this PhD. Also, a baseline of four 90° plies (902)s was used as the central block in 
the laminate similarly to previous test cases which eliminated hybrid effects in tension. 
Using this baseline [(±𝜃1)/(±𝜃2)/(±𝜃3)/(±𝜃4)/(±𝜃5)/(±𝜃6)//902]s configuration, an 
initial optimization was carried out to investigate possible stacking sequences for: 
• Achieving different amounts of transverse tensile stresses while,  
• Ensuring that the desired failure mode is first ply failure by longitudinal 
compression in the 90° plies and,  
• To investigate the effect on the failure mechanism by varying the thickness of the 




As a first estimate, linear elastic behaviour was assumed for the thin-ply 
TC33/K51 prepreg. Before enumerating the possible designs to evaluate their behaviour 
and first ply failure mode, the DOE was simplified as follows: 
1. All laminates:  
for the [(±𝜃1)/(±𝜃2)/(±𝜃3)/(±𝜃4)/(±𝜃5)/(±𝜃6)//902]s configuration there are 12 plies 
to be defined à 1212 possibilities (with 𝜃 varying every 15°). 
2. Balanced laminates only:  
e.g. [(±𝜃1)/…/( ±𝜃6)/0/(±𝜃1)/…/( ±𝜃6)/ 902]s   
à 66 possibilities (0°, 15°, 30°, 45°, 60° or 75°) 
3. Membrane only: 
for an in-plane loading and an uncoupled laminate (where B = 0), the OPFM 
model does not take into account the stacking order of the plies. Thus, it is 
sufficient to consider one representative laminate only for each group of laminates 
sharing the same membrane behaviour, i.e. same proportions of plies in each 
allowed orientation. Orthotropic membrane behaviour can be parametrized using 
only two non-dimensional parameters, the lamination parameters 𝑉.' and 𝑉P', as 
defined below. Similar proportion membrane property laminates do not show on 
the design map: only one representative point is considered, reducing the number 
of possibilities to 381 points 
 
These 381 candidate laminates were evaluated using the OPFM model. Figure 
6.10 shows that all the configurations with predicted first ply failure (FPF) mode of 
longitudinal fibre compression are towards the bottom right hand corner of the design 
plot, illustrated by a 45° cut off in the figure. In the end, 51 configurations exhibit the 
desired failure mode. 
The two lamination parameters are shown in Equation (6.2) and (6.3) defined by 
Tsai et al. [262]. Since symmetrical and balanced configurations are used, the membranes 












∑ ℎH cos(4𝜃H)IHJ.  (6.3) 
 
where h represents the total thickness of the laminate, ℎH and 𝜃H 	the thickness and the 
angle of the ply 𝑘	respectively. 𝑛 represents the total number of plies. 
A sample output by the DOE analysis for the stacking sequences mentioned above 
is shown in Figure 6.10. It illustrates a plot of the design space with all the evaluated 
laminate configurations and their first ply failure mode (FPF) as defined by the DOE. 
Note that the laminates corresponding to the points in the figure are only defined in terms 
of number of plies per ply orientation.  
The stacking order is constrained so that the laminates are symmetrical; otherwise 




Figure 6.10. Generated laminates defined by the DOE and their respective first ply failure 




The blue markers represent the laminates with a first ply failure mode of 
longitudinal compression in the central 90° layers which is the region of interest. The x 
and y axes represent the two lamination parameters respectively. As 𝑉.' changes from -1 
to 1, the ratio of 90° to 0° plies is changing with 1 being fully 0° and -1 being a fully 90° 
laminate respectively. The same applies to 𝑉P' where 1 represents a laminate consisting 
of fully 0° and 90° plies whilst -1 represents a laminate of only angle plies (±45°). 
Interestingly, if the optimized laminates are plotted by the orientation of their first 
failed ply, a point can be observed in the design space which is a laminate with a FPF of 
fibre compression in the 75° ply. This predicted failure is due to the presence of shear 
coupling in that particular laminate as seen in Figure 6.11 (a). Figure 6.11 (b) illustrates 
the predicted transverse stresses generated in the 90° layers at FPF. The transverse 
stresses range from 85 MPa to 115 MPa.  
 
 
Figure 6.11. Generated laminates defined by the DOE and categorised by (a) the 






The colour bar shows the range of predicted transverse stresses based on the 
equation presented in Figure 6.11 (b) using the	𝑉.' and 𝑉P' lamination parameters. Only 
the points on the two-dimensional (2D) design space plot which relate to laminates that 
are predicted to fail by longitudinal fibre compression are shown. 
Further results and plots generated by the DOE and categorised by the orientation 
of the first ply, by the predicted longitudinal and transverse stresses in the central 90° 
block at FPF can be found in Appendix B. 
Based on this preliminary analysis, 53 laminate configurations were found that 
satisfy the design requirements. A stacking sequence of [(±456)/(902)]s from the yellow 
region of Figure 6.8 (b) has been chosen mainly due to its ease of manufacturing, the 
simplicity of the lay-up as well as the high amount of transverse stress predicted in the 
laminate.  
Due to the high amount of transverse stresses (111 MPa) predicted in the chosen 
laminate, the interaction between transverse stresses and compressive failure can be also 
investigated. A short study was also carried out using the OPFM to look at the effect of 
changing the central 90° block thickness on the predicted failure mechanisms of the 
laminates. The results are shown in Figure 6.12 where the [(±456)/(90n)]s laminate 
configuration was investigated with a varying number of central 90° plies: n = 1,2,..16. It 
can be clearly seen that there is a shift in the predicted failure mechanism of the laminates: 
for very thin 90° UD  blocks (n =1-4) the overall failure is longitudinal compression 
whilst for thicker central blocks (n=5-16) the final failure changed to matrix tension in 
the 90° plies or shear in the outer angle plies. The change in failure mechanism can be 
attributed to two effects. Firstly, a size effect where the transverse tensile strength of the 
90-degree layer decreases as its thickness increases. It goes from an energy driven critical 
failure to a stress driven failure. Also, the overall stiffness of the laminate (A(1,1)/t) 
decreases when the proportion of 90-degree plies increases. Hence, the ratio of e22/e11 






Figure 6.12. The effect of 90°-layer thickness on the first ply failure mechanism predicted 




As the range of transverse stresses predicted for the [(±456)/(902)]s configuration 
(see section 6.2.3) was not sufficiently varied to investigate the effect of transverse 
stresses on the longitudinal compressive failure, the emphasis of the study was shifted to 
look at the effect of changing the 90° layer thickness on the longitudinal compressive 
strength of the material.  
To look at such thickness effects, the initial stiffness of the original laminate - 
[(±456)/(902)]s -was kept and only the stacking order (dispersion of the 90° plies) was 
changed. By comparing such laminates with various 90°-layer thicknesses, thickness 
effects can be evaluated with the same total thickness for all the considered configurations. 
The stacking sequences defined for each Type of configuration can be seen below, as it 





• 90° layer thickness - 1 ply -: [(±45)4/90/(±45)/90/(±45)]s – Type I. 
• 90° layer thickness - 2 plies -: [(±45)5/902/(±45)]s – Type II.  
• 90° layer thickness - 4 plies -: [(±456)/(902)]s – Type IV. 
 
6.3. Experimental  
 
 This section describes the experimental campaign carried out including the 
manufacturing and test methods, the tensile test results with regard to the different 
specimen types, and the description of the failure and damage scenario based on 
experimental observations. The identification of the longitudinal compressive strength is 
discussed as well as further analysis of test data.  
 
 
6.3.1. Specimen manufacturing, configuration and geometry 
 
The manufacturing process utilized is similar to that used in previous studies: 
hand-lay-up of the thin-ply TC33/K51 material followed by autoclave curing of the 
laminates in a vacuum bag on a flat aluminium tool plate. The cure cycle utilized was 30 
mins at 80°C and 90 mins at 125°C with 0.7 MPa applied pressure and a heat up and cool 
down rate of 2°C/min.  
There were three plates manufactured in total: one laminate for each configuration 
Type I, II, and Type IV respectively. 8 Type I and Type II coupons were fabricated with 
only the dog-bone shaped geometry illustrated in Figure 6.6. However, for the Type IV 
configuration, two distinct geometry specimens were fabricated: 5 dog-bone shaped 
specimens with no end-tabs applied as seen in Figure 6.13 (a) and 5 conventional, straight 
sided coupons with woven, balanced glass fibre/epoxy end-tabs applied illustrated in 




This way, a comparison could be made between the two types of specimens with 
regard to the effect of stress concentrations during testing on the compressive strength. 
All dimensions in Figure 6.13 are in mm. 
 
 
Figure 6.13. Illustration of geometry and dimensions for the fabricated coupons: (a) dog-
bone shaped specimens treated with a thin silicon glue layer on the edges against 
delamination damage occurring during testing, (b) conventional tensile test specimens 
with glass/epoxy end-tabs applied to their ends showing failure. 
 
Since the first dog-bone type specimen exhibited delamination across the width 
during testing, these coupons had a thin layer of transparent Araldite 2011 two-part epoxy 
adhesive system (Araldite 2011/A resin and Araldite 2011/B hardener respectively) 
applied to their edges similarly to Laurin’s study [206] in order to suppress delamination 
damage occurring as shown in Figure 6.13 (a) and discussed in section 6.3.3. This is 
crucial in order to be able to determine the longitudinal compressive strength the most 
accurate way possible. 
The straight sided, parallel edge specimens had nominal dimensions of 
270/190/20/0.84 mm overall length/free length/width/thickness respectively. Due to the 
very low overall thickness of the laminates, the specimens were cut using a high-precision 




in order to avoid any machine induced damage in the composites. The gripping areas of 
the specimens were hand sanded in order to enhance surface roughness for either end-
tabbing or to aid gripping during tensile testing. The end-tabs were applied to the straight 
sided coupons by an Araldite 2014 two-part epoxy adhesive system and cured in an 
atmospheric oven at 80°C for 2 hrs. 
Also, since the parallel edge specimens failed prematurely due to the arising stress 
concentrations from gripping, those measurements and results were discarded from 
further interpretation. These specimens exhibited two times larger scatter and 8% lower 
stress at failure due to failure initiating from the tab areas thought to be because of local 
combined shear and compression as illustrated on the micrograph in Figure 6.13 (b).  
 
6.3.2. Measurement methods 
 
 The tensile tests were carried out using an electromechanical Zwick test machine 
with a maximum load capacity of 10 kN and an Instron servo-hydraulic machine with a 
maximum load capacity of 100 kN. All tests were carried out under displacement control, 
and for the specimens tested with the servo-hydraulic machine, a low gripping pressure 
and a loading rate of 0.2 mm/min. 
Additionally, to record displacements Linear Variable Differential Transformer 
(LVDT) sensors have been used during testing. Two acoustic emission (AE) sensors were 
placed on the back face of the specimens in order to detect any localised damage events 
that might occur. The threshold value set for the AE sensors were 40 dB in order to avoid 
any machine related noises. 
For strain measurement, a Digital Image Correlation (DIC) system has been used, 
with two 12 bit cameras having a resolution of 2000 x 2000 pixels. Using the gathered 
data, virtual strain gauges determined the in-plane strains on the specimen surfaces. The 
experimental set-up and the data-acquisition systems and test machines are illustrated in 
Figure 6.14 (a) and (b). Through a convergence study, it was found that varying the grid 




hence a 10 x 10 mm grid size was used throughout the measurements. The DIC data was 
processed in the commercially available software Vic3D©. All the specimen surfaces 
were black and white speckled to aid the DIC measurements as shown in Figure 6.14 (a) 
and (b). 
Besides, for damage evaluation as well as for the examination of specimens after 
interrupted tests, C-scan ultrasonic non-destructive testing (NDT) method has been 
utilized. C-scan is the image produced when the NDT data plotted on a plan view of the 
specimens. Scanning Electron Microscope (SEM) images were also taken to assess the 





Figure 6.14. Test set-up and data acquisition systems for tensile testing of the specimens: 
(a) Instron servo-hydraulic mechanical testing machine and (b) Zwick electro-mechanical 





6.3.3. Tensile test results 
 
6.3.3.1. Free-edge delamination  
 
As mentioned before in section 6.3.1, it was necessary to apply glue at the edges 
of the thin-ply specimens. One dog-bone shaped (shoulder ended) coupon (specimen 6, 
Type IV) was tested without glue and delamination progressed across the whole width, 
which was also detected by the AE measurements. The load-time response of this 
particular specimen with the AE data and the damage occurred is shown in Figure 6.15 
(a). Figure 6.15 (b) exhibits the stress-strain response of the tested Type IV specimens, 
where delamination appearing in specimen 6 can be clearly seen from the deviation of the 
stress/strain curve. Free-edge delamination took place at the 45°/90° interface and is 
shown by the processed C-scan image in Figure 6.15 (c). There is a 13% drop in the 
failure stress when compared to the specimens without delamination damage. 
Furthermore, the measured strain at failure does not accurately represent the compressive 
failure strain of the 90° plies either. Consequently, glue was applied to the edges of all 
other specimens tested. It has to be noted, that the glue was only added to avoid edge 





Figure 6.15. The (a) load-time response of the Type IV specimen which did not have glue 
applied at its edges and delaminated extensively (b) stress-strain curves of the tested Type 
IV specimens (c) NDT image of the delaminated Type IV specimen. 
 
6.3.3.2. Macroscopic behaviour 
 
 The measured macroscopic stress-strain responses of Type I, Type II and Type IV 
specimens are illustrated in Figure 6.16 (a)-(c) respectively. All figures include an 
additional black curve which represents the predictions performed by the OPFM. It can 
be stated that the OPFM predictions captured the macroscopic behaviour of the specimens 
within 5% accuracy. In all cases, the stress-strain responses in both the longitudinal and 






Figure 6.16. The macroscopic stress-strain response of (a) Type I (b) Type II and (c) Type 
IV specimens compared with the predictions by the OPFM model (theory curve) 
 
The reason for that is the in-plane shear stresses generated in the ±45° plies 
resulting in the non-linear behaviour of the matrix, as captured in the OPFM model. A 
summary table including the measured longitudinal and transverse strains at failure using 
the virtual strain gauge, the measured average macroscopic stresses and the estimated 




seen in Table 6.1. Furthermore, an illustration of the virtual strain gauge grid and the 
mapped surface strains of a Type IV specimen are illustrated in Figure 6.17.  
 











𝜀..- 90° plies 
[%] (CoV%) 
Macroscopic stress 




σ.. – 90° plies at 
failure 
[MPa] (CoV%) 
Type I 2.79 (1.7) -1.77 (1.4) 257 (1.1) -1238 (1.4) 
Type II 2.13 (2.2) -1.31 (2.6) 212 (2.9) -962 (3.9) 
Type IV 2.02 (3.3) -1.21 (2.2) 212 (1.8) -964 (2.1) 
 
 
Figure 6.17. Illustration of the virtual strain gauge area and the mapped surface strains of 
a Type IV specimen at an earlier stage during the loading process 
 
The macroscopic stress of the laminate σ11  is calculated by dividing the load 
output of the machine by the measured gauge section area (width ∙	thickness) of the 
specimens. Then, the compressive stress at failure in the 90° plies σ.. can be calculated 




longitudinal compressive stress at failure in the 90° plies. Besides, the longitudinal 
compressive strain at failure is directly extracted from the tests as it is equivalent to the 
transverse strain measured: 𝜀22 = 𝜀...  
The introduction of the glue on the edges of the specimens allowed for avoiding 
free-edge deamination and thus validated the proposed analysis framework. It can be 
stated that for the experimental measurements there is low scatter on both the failure 
strains and stresses. A factor that contributes to this is the reduction of stress 
concentrations at the jaw faces due to the dog-bone shape of the specimens as well as due 
to the specimens being indirectly loaded through the Poisson’s effect of the laminate. 
Consequently, all specimens exhibited consistent gauge section failures. 
 
6.3.4. Failure, damage scenario and analysis 
 
There were three different kinds of damage analysis tools used in this study. In-
situ AE measurements have been carried out mainly in order to monitor any damage 
occurring during testing, prior to failure. Additionally, interrupted tests have been carried 
out to investigate any damage (delamination or matrix cracking) at load levels close to 
failure. Post failure, optical microscopy and SEM imaging were used to highlight the 
damage state of the specimens and to confirm their failure mode. 
 
6.3.4.1. AE measurements 
 
Figure 6.18 illustrates the load-time curves of different type specimens with the 
cumulative energy of the detected AE events plotted on the graphs. Type I and Type II 
specimens show a similar behaviour: there is no sign of significant acoustic activity prior 
to the first load drop. For the Type II specimen, as it can be seen on Figure 6.18 (b), there 
is a rise in the cumulative energy just before the maximum load, but it is most probably 




despite the Type IV configuration having the thickest 90° block in the laminate which is 
the most likely to exhibit any micro-cracking damage out of all types. The first load drop 
on all curves represents the compressive failure (fibre kinking) of the 90° plies. 
 
 
Figure 6.18. Illustration of the AE events detected during testing of (a) Type I (b) Type 
II (c) Type IV specimen. The cumulative AE energy is plotted on the load-time curves of 
the coupons. 
 
6.3.4.2 Analysis of the final failure mode 
 
 Since the Type IV specimens are the most likely to exhibit matrix cracks out of 
all configurations, an in-depth failure pattern analysis was carried out. The outer ±45° 
plies of some coupons were removed (polished off) in order to observe the central 90° 
plies and the failure pattern. Images taken with optical microscopy observation of the 
central 90° block are shown in Figure 6.19 (a). A fairly traditional compressive failure 




fracture surfaces as seen on the close-up images. A gauge section compressive failure can 
be observed with kink-bands forming in the mid-width and gauge section of the specimen 
which is normally very hard to achieve. Higher resolution images taken by optical 
microscopy of the investigated coupon can be found in Appendix B.   
 
 
Figure 6.19. Illustration of the failure pattern investigation for the Type IV specimens: (a) 
optical microscopy observations showing kink-band formation and micro-buckling of the 
90° fibres (b) C-scan results of a different specimen showing no signs of delamination 
and transverse cracking. 
 
Additionally, an interrupted specimen of the same type (Type IV, specimen 10) 
was stopped at 98% of the failure load in order to examine it with a C-scan analysis. The 
results of the imaging are seen in Figure 6.19 (b): there is no evidence of any delamination 
or transverse cracking damage present. The high load level achieved with the interrupted 





Furthermore, SEM analysis was also carried out in order to further investigate the 
failure pattern of these specimens. A summary of the high-resolution images can be seen 
in Figure 6.20. This figure exhibits a mapping of the damage present in the coupon. 
Certain areas are highlighted on the lowest magnification (25x) image in the top left and 
investigated further with higher magnifications even up to 450x which corresponds to the 
fibre microscale.  
Higher resolution image examples of this coupon with 25x and 450x 
magnification can be found in Appendix B. 
There is a clear pattern of transverse cracks throughout the specimen with a 
spacing of about 200 μm as shown with the red marker circles. However, within these 
cracked regions, there is clear evidence of fibre micro-buckling (as shown on the 
magnified images) which raises the question as to what occurred first: transverse matrix 
cracking or fibre micro-buckling in the 90° plies. Unfortunately, due to the difficulty of 
determining this experimentally a clear conclusion cannot be drawn.  
It can be postulated that, based on the measured longitudinal failure strains for the 
Type IV specimens (2.02 %) compared to the measurements of the cross-ply study 
presented in the previous Chapter, transverse matrix cracking would be expected in the 
central 90° layers.  
In Chapter 5, the Type 4 configuration with a block of 8 90° plies adjacent to the 
central 0° UD layers exhibited full width transverse cracks at an average longitudinal 
strain of 0.95% (initiation point of high energy AE signals). Using simple fracture 
mechanics scaling (√2 multiplication), the longitudinal strain at first crack for the Type 
3 configuration (with 4 90° plies adjacent to the central UD) can be estimated. It yields 
an approximate longitudinal strain of 1.34% which is far less than the measured 2.02 % 
for the Type IV specimens in this study. Following the same argument suggests that Type 
II specimens may have had transverse cracks (estimated longitudinal strain of 1.90% at 
first crack, compared with measured maximum strain of 2.13 %) but not Type I specimens 
(estimated at 2.69 % compared with 2.79 %) which is consistent with the strength results 




Overall, based on the arguments above, it may be stated that transverse cracks 
probably preceded fibre micro-buckling in the 90° plies in Type II and Type IV specimens 
but probably not in Type I specimens. 
 
 
Figure 6.20. SEM damage map of a Type IV specimen highlighting the damage present 
in the central 90° plies. The largest image is taken with the lowest resolution of 25x 






 Figure 6.21 (a) summarizes the experimental results of all three types of 
specimens, where the measured longitudinal and transverse strains are plotted as a 
function of the macroscopic stress in the longitudinal direction. All configurations 
exhibited a similar, slightly non-linear behaviour up to final failure. Figure 6.21 (b) 
illustrates the dependence of 90°-layer thickness (number of 90° plies) on the determined 
compressive strength of the material. 
 
 
Figure 6.21. (a) Summary stress-strain results of the experimental measurements for all 
three specimen configurations (b) Illustration of the 90°-layer thickness dependence of 
the determined compressive strength. 
 
 As can be seen in Figure 6.21 (b), there is a decrease in the compressive strength 
as the number of 90° plies increases. Type II and Type IV specimens exhibit a similar 
compressive strength of about -963 MPa whilst for the Type I specimens it is 23% higher 
(-1238 MPa). As an approximate comparison due to the lack of data in literature, a generic 
baseline compressive strength value of -1250 MPa is taken from a review by Galos [130] 
on thin-ply composite materials [130]. This indicative baseline strength is similar to the 




cracks in the coupons. The type of the designated fibre is unknown, but it is manufactured 
by North Thin Ply Technology (NTPT) who works with similarly high-modulus fibre 
composites such as TC33/K51. 
Furthermore, a compressive failure strain of 1.36 % was found by Xun Wu in 
limited tests at Bristol University [263] using the same TC33/K51 carbon /epoxy material 
in the compression side of a sandwich beam configuration with a 40 mm wood core and 
0.5 mm compression skin. Only two specimens were tested, and the beams exhibited 
roller failure, so not too much weight can be placed on the result. Further tests were 
planned but could not be carried out.  
Using a linear approximation, the estimated compressive stress at failure can be 
calculated from the value mentioned above by multiplying the acquired strain with the 
elastic modulus of the composite: -0.0136 [-] ∙ 95300 [MPa] = -1296 MPa. This -1296 
MPa estimate is consistent with the obtained data in this Chapter. 
The reason for the difference in compressive strengths and the compressive strains 
to failure (as seen in Table 6.1) of different Type of specimens could be attributed to two 
distinct effects. 
One of them is a constraint or ply thickness effect as the support changes around 
the 90° fibres. This is important because the compressive failure mechanism is instability 
controlled, and as the 90° plies get more dispersed within the laminate, their support from 
the ±45° plies changes. An explanation to that could be that as the 90° fibres microbuckle, 
the parameter affecting their support is the distance between the 90° plies and the ±45° 
plies.  
This thickness effect is also shown by modelling carried out by Drapier et al. [224], 
[264] who studied the influence of structural parameters on the compressive failure strain 
and strength of UD carbon composites. Their models took the influence of matrix 
plasticity and initial fibre waviness into account and ply meso-structural considerations 
such as ply thickness, boundary conditions and loading type were also considered. One 




A figure illustrating the predictions by their model is shown in Figure 6.22, 
reproduced from [224]. The maximum strain to failure is plotted as a function of the UD 
ply thickness which shows similar trends to the curve that has been experimentally 
achieved in this study (Figure 6.21 (b)). In their simulation, a plateau can be observed for 
higher ply thicknesses whereas for thin-plies an increase in the longitudinal strain to 
failure is shown. It is due to fibre kinking and compressive failure being mainly a buckling 
problem at the fibre scale. 
 
Figure 6.22. Thickness dependence of the longitudinal compressive failure strain, as 
predicted by Drapier et al., reproduced from [224] 
 
The other effect is that the support also changes around the 90° fibres as transverse 
cracks start to appear within the 90° block, hence affecting the compressive strength of 
the ply. Transverse cracks appearing in the Type IV and Type II specimens might 
therefore explain the reduction of strength for those laminates. However, it has to be noted 
that the cracks are only confirmed experimentally for the Type IV specimens. Further 
investigation is underway to determine the damage present in the Type I and II specimens 





In order to investigate the influence of transverse stresses on the longitudinal 
compressive failure of the plies, the evolution of the transverse tensile stress in the 90° 
plies from OPFM is plotted as a function of the longitudinal compressive stress as 
illustrated in Figure 6.23 (a). 
The beginning of the curve starts from a non-zero stress value due to the presence 
of thermal residual stresses. Figure 6.23 (b) shows the evolution of the longitudinal 
compressive stress in the 90° plies as a function of the applied macroscopic stress.  
The evolution of both σ..  and σ((  is non-linear: an increase in the applied 
macroscopic stress induces a slightly higher increase in the estimated longitudinal 
compressive stress in the 90° ply. This can be attributed to the non-linear behaviour in the 
45° plies, due to the viscosity of the matrix, especially under in-plane shear loading, 
reducing their apparent stiffness and therefore the proportion of load that they carry. This 
behaviour shows the important effect of non-linearity on the longitudinal compressive 
strength identification.  
 
 
Figure 6.23. Schematic of the evolution of (a) transverse tensile stress in the 90° plies as 
a function of the longitudinal compressive stress and (b) compressive stress in the 90° 







A novel specimen design has been successfully utilized to determine the 
longitudinal compressive strength of a thin-ply carbon/epoxy material. The compressive 
loading was indirectly applied to the 90° layers through the Poisson contraction of the 
laminate. Under uniaxial loading, a multi-axial stress state was induced in the UD 90° 
layers: longitudinal compression combined with transverse tension. Design optimization 
was carried out using the design of experiments with an advanced failure criterion called 
OPFM. Once a configuration was selected, the lay-up sequence was modified in a way 
that ply thickness effects could be investigated. 
A decrease was found in the compressive strength/strain to failure of the material 
for thicker 90°-layer laminates (Type II and Type IV). It was concluded, that there are 
two mechanisms that may contribute to this decrease in longitudinal compressive strength, 
transverse cracking or the constraint/ply thickness effect, however it is very difficult to 
differentiate between them and determine the dominant one. Further investigation 
(microscopy or interrupted tests) is necessary to establish whether transverse cracks 
occurred in other specimen types.  
The obtained longitudinal compressive strengths for the Type I, determined with 
OPFM, is consistent with values found in literature or in other work performed currently 
at Bristol. Moreover, it can be noted that the associated scatter is very low for this 
configuration (CoV around 1.4%), allowing to determine high B-basis values for the 
design of composite structures. B-basis values correspond to the lower 90% confidence 







Furthermore, it can be said that the non-linear behaviour of such thin-ply 
laminates was well captured by the OPFM model. Based on the micrographs and SEM 
images, a gauge section compressive failure (fibre micro-buckling/kinking) was found in 
the mid-width of the Type IV specimens. A pattern of transverse cracks was also found 
200 μm apart and it was argued that matrix cracking might have preceded the fibre 
microbuckling. This is consistent with the cracking found in the cross-ply study in 






Chapter 7   
 
Overload sensors – a simple and robust approach for 
visual damage indication 
 
The chapter is based on P.1. and C.2. first authored publications as referenced in 
the Publication section of the thesis. The work discussed here - including design, analysis, 
experimental work and data processing - was carried out by the author of this PhD with 
the work in section 7.6 carried out together with Dr Jonathan Fuller. 
The concept presented emerged from some of the research done as part of the 
HiPerDuCT (High Performance Ductile Composite Technologies) programme. This 
programme grant was a collaborative research project between the University of Bristol 
and Imperial College London. The aim of the programme was to improve and overcome 
the key limitation of conventional composites: their inherent lack of ductility by designing, 
manufacturing and evaluating composite systems that could fail gradually and undergo 
large deformations whilst still carrying load. These structures then could ensure a more 





As was previously shown, utilizing thin ply materials can create multi-axial stress-
states and consistent material failure behaviour by effectively suppressing secondary 
failure mechanisms such as transverse/matrix micro-cracking and delamination. The 
same methodology using thin-ply composites to target or promote a specific failure mode 
allows the design and development of unidirectional hybrid composite overload sensors. 
Additionally, controlling the damage mechanism of composite laminates could lead to 




presented and investigated here can be used for structural health monitoring of both 
composite and metallic structures. 
 The term ‘pseudo-ductility’ is used when talking about achieving controlled and 
gradual failure and for the composite structure having the ability to deform non-linearly 
without fracture [266]. Many different strategies were developed to achieve ‘pseudo-
ductility’ in composites and make them more damage resistant. Reinforcing materials 
such as nano-materials or elastomers can be incorporated into the matrix to improve the 
toughness of the resin itself or more ductile constituents can be utilised as reinforcing 
fibres eg. metals. The architecture of the composite laminates can be re-designed as well 
e.g. through the hybridisation of primary reinforcements [20], [267]–[275] or fibre 
reorientation concepts [128], [276], [277] as demonstrated in the HiPerDuCT programme.  
Czél et al. [268], [278] combined the advantages of thin-ply materials with the 
gradual failure of hybrid composites in order to achieve pseudo-ductile stress – strain 
responses. Their approach to combine UD glass/epoxy and thin-ply carbon/epoxy plies 
into interlayer hybrid composites resulted in a design that allows the fragmentation of the 
lower strain constituent, avoiding catastrophic failure and unstable delamination. This is 
mainly due to the low energy release rate that primarily depends on the thickness of the 
lower strain component layer in the hybrid composite as discussed in this chapter. During 
the experiments, it was observed that the carbon ply cracks (fragmentation) and local 
delamination are clearly visible to the naked eye due to the translucency of the glass plies. 
Inspired by this observation, the development and characterisation of the UD hybrid 
composite overload sensor concept is presented in this chapter. The proof of concept for 




Fibre reinforced composite materials are increasingly used in advanced 
lightweight applications especially in the aerospace and space sector [279] as well as 




In high volume applications, it is of immense importance to ensure an appropriate 
safety margin as a sudden failure or collapse could lead to the loss of human life as well 
as significant financial costs. In these areas, the scope of composite applications is 
hindered as sudden failure and poor residual load bearing capacity cannot be tolerated. 
Instead, higher safety margins and conservative design envelopes have become the 
standard practice in composites design and manufacture. Another issue is that failure may 
occur without preceding detectable damage or warning of any kind especially for 
composite materials [268], [282]. 
Structures that pass visual inspection can fail at much lower loads than expected 
[267] hence it is crucial to monitor their integrity as well as detect damage (if there is any) 
before final failure occurs. As a result, damage detected in time can not only prevent 
sudden, catastrophic failure but it can also indicate the need for further, more thorough 
non-destructive testing (NDT) so appropriate repair or maintenance can be carried out 
when necessary, leading to no unexpected down-time and enhanced service lives. The 
process of monitoring damage during service life is often referred to as Structural Health 
Monitoring (SHM). It is very common, especially in civil engineering and transportation 
applications where sensors based on different principles - such as fibre optics, 
piezoelectrics, magnetostricity, and self-sensing - are used in order to assess the integrity 
or certain physical or chemical properties of a structure or component. An extensive 
review on SHM techniques as applied to composite structures can be found in the study 
by Amafabia et al. [283]. In general, a structural health monitoring system comprises 
three different constituents: the sensor itself that is coupled with the monitored structure, 
as well as a data acquisition and a data evaluation system [284], [285]. 
For the health monitoring of civil structures, fibre optic sensors (FOS), 
particularly Fibre Bragg Grating (FBG) sensors have been often used to mitigate the risk 
of unexpected failure. Especially for composite materials that are prone to failure due to 
an overload or an impact event, these lightweight sensors can be utilised at various 
locations without significantly affecting the performance of the structure [284], [286]. A 




data. Fibre optic sensors are insensitive to electromagnetic interference (EMI) and sense 
various parameters such as strain or displacement.  
Even though they are brittle, and need to be encapsulated in a protective material, 
they are extensively used in civil applications such as bridges, tunnels, pipelines and in a 
currently expanding field: wind turbine blades [285] as discussed in a comprehensive 
review on optical fibre sensing technologies by Ye et al. [287]. 
Another emerging technology for SHM is the field of self-sensing composites. 
These multi-functional materials are able to indicate their own physical conditions such 
as stress, strain or temperature as well as deformation and damage [284]. E.g. a change 
in electrical conductivity is used for monitoring damage as it can be directly related to 
fibre breakage [288]. In a similar way, various other damage mechanisms e. g. 
delamination [289] and matrix cracking [290], under different loading conditions [291]–
[293], have been investigated.  
These measurements are based on a piezoresistive principle: incorporating a 
conducting element e. g. carbon particles, nanomaterials (carbon nanofibres and carbon 
nanotubes [294]) or short or continuous carbon fibres [284], [295], [296] that form a 
‘sensing’ network in the composite. When the composite is subjected to an overload or 
deformation, this network is disturbed, hence changing the electrical resistivity of the 
overall structure. 
As mentioned above, when demonstrating pseudo-ductile behaviour in thin-ply 
interlayer glass/carbon-epoxy hybrid composites, the pattern observed by Czél and 
Wisnom [267] during the gradual failure of the specimens inspired the idea of sensing 
damage on the surface of a structure due to the translucent nature of the constituent glass-
epoxy layers that made delamination detection possible to the naked eye. Various other 
authors have tried to combine the advantageous pseudo-ductile behaviour achieved by 
fibre hybridisation with the functionality of self-sensing. Bakis et al. [297] demonstrated 
pseudo-ductile tensile behaviour with the capability of monitoring strain and damage by 
the hybridization of low-strain piezoresistive carbon fibres and high-strain non-
conductive fibres. Nanni et al. [298] have designed a system consisting of a carbon-glass 




when reaching certain loading conditions. In both studies, the sensors are based on a 
piezoresistive principle while being low-cost, versatile and easy to fabricate.  
The sensors proposed here indicate an overload by simply exhibiting a change in 
appearance in contrast with other strain sensors that are based for example on the change 
of electrical properties induced by deformation. They are robust and lightweight, 
completely wireless, and do not require any data acquisition or evaluation system hence 
offering a low-cost and simple visual solution for strain overload indication. This novel 
concept can be simultaneously used for SHM and structural load-carrying purposes. The 
hybrid composite sensors can either be a sensing layer as part of the structure or can be 
bonded on to the surface of composite or metallic structures. They can provide 
information about the magnitude of the overload by combining various sensing materials 
indicating different strains. They can also provide information on the direction of 
overload by applying an array of sensors integrated in different directions. 
 
7.3. Sensing mechanism 
 
This section gives a summary on the principle behind the unidirectional hybrid 
composite sensor concept as well as the underlying failure mechanism that enables visual 
overload indication. The reader is referred to a pending UK Patent  [299] for further 
information on the concept.  
As has been reported above, well-designed thin ply-hybrids can develop 
fragmentation of the higher modulus/lower strain material constituent followed by 
gradual and dispersed delamination avoiding catastrophic failure. The carbon ply cracks 
appear along the gauge length of tensile specimens in a well-dispersed, striped pattern 





Figure 7.1. Visual patterns based on different failure mechanisms of thin-ply glass/carbon 
hybrids: (a) carbon layer fragmentation followed by stable, dispersed delamination [268]  
(b) carbon layer fracture followed by sudden delamination [20]. 
 
Figure 7. 1 (b) represents another pattern type and failure mechanism for thicker 
carbon layers: a single fracture of the low strain material followed by sudden, unstable 
delamination [20], where the fracture of the stiffer layer translates to a significant stress 
drop at the corresponding strain to failure of the low strain material on the stress-strain 
curves. While the latter one gives a clearer indication of an overload event as it is easier 
to observe the delamination through the translucent glass layer, the former mechanism 
with multiple fragmentation and decreasing spacing between cracks allows for a 
quantitative indication on the severity of the overload event. 
 The principle behind the UD hybrid sensor concept is based on a unique feature 
of the purpose-designed thin interlayer glass/carbon hybrid composites: the change in 
their appearance when loaded beyond a predefined strain. The sensor is on the surface of 
the component, and experiences similar strains as the material beneath. It consists of a 
‘sensing’ layer and an outermost layer, which in this case are a carbon sensing layer and 
glass outermost layer respectively. The schematic of a typical sensor setup and its 






Figure 7.2. Schematic of a hybrid composite strain overload sensor attached to a substrate 
material 
 
The originally intact carbon layer absorbs the incident light through the 
translucent glass layer showing a dark appearance as shown in Figure 7. 3 (a). After the 
strain exceeds the failure strain of the carbon layer, it develops multiple fractures and the 
incident light is reflected back from the locally damaged glass/carbon interface around 
the carbon layer fractures, exhibiting light stripes as illustrated in Figure 7. 3 (b). Hence, 




Figure 7.3. The sensing mechanism behind the hybrid composite strain overload sensors: 
(a) intact carbon layer absorbing light at glass/carbon interface (b) striped pattern visible 
due to light being reflected from locally damaged glass/carbon interface around the 








7.4. Materials and configuration design 
 
7.4.1. Choices in design, manufacture and sensor integration 
 
There are various parameters influencing the design of the proposed hybrid 
composite sensors. Their geometry (length and width) can be varied as well as the 
stiffness ratio of the sensor to the substrate by either changing the thickness of the layers 
or by utilising different composite prepreg materials. The most important parameter is the 
sensors’ trigger strain that is controlled by the failure strain of the carbon fibre sensing 
layer. The integration of the sensors can be achieved by either co-curing or retrofitting by 
bonding onto finished parts. By co-curing on the surface, the sensor can act as a structural 
sensing layer while by retrofitting it will likely act as a discrete sensor on the structure. 
Furthermore, the sensors can indicate both the magnitude of the overload strain (pre-
defined by the sensing layer material) and the direction of a given overload strain if 
multiple sensors are utilised in various directions. The material system proposed in this 
study is suitable for the fabrication of sensors designed for tensile load dominated 





There is a wide range of materials that can be used for demonstrating the concept 
explained above, however two criteria must be considered:  (i) in order to apply such 
composite sensors, the strain to failure of the ‘sensing’ carbon fibre has to be considered 
according to the surface strain of the material underneath and (ii) the thickness of the 
sensing material has to be thin enough to exhibit failure with fragmentation and dispersed 
delamination. The applicable strain range currently for carbon fibre materials satisfying 
these conditions is from 0.3% - 2%, however it can be extended by using a wider range 
of materials or innovative methods such as pre-weakening the sensing layers as outlined 




The material considered as an outermost, translucent layer was a standard 
thickness UD S-glass/epoxy prepreg supplied by Hexcel. The sensing layer was thin UD 
XN80 carbon/epoxy prepreg produced by North Thin Ply Technology (NTPT).  
For the demonstration of the sensors, a substrate material of IM6 carbon fibre 
reinforced epoxy prepreg supplied by Cytec has been used. The resin systems used for 
the sensor and substrate have a similar cure temperature, hence they are suitable to be 
cured together in the autoclave. The basic material data of the applied fibres and prepreg 
systems can be found in Table 7.1 and Table 7.2. 
  
Table 7.1. Fibre properties of the applied unidirectional prepregs based on manufacturers 
data (carbon fibre types: IM – intermediate modulus, UHM – ultra high modulus) 











Granoc XN80 Nippon GFC 780 (UHM) 2.17 0.5 3.43 
Hextow IM6 Hexcel 279 (IM) 1.76 1.9 5.72 




88 2.45 5.5 4.8-5.1 
  
Table 7.2. Cured ply properties of the applied unidirectional prepregs 

















XN80/ TP 402 
carbon/epoxy 
63 63 46.5 364.4 0.53 
IM6/950 
carbon/epoxy 
135 153 50 141.2 1.82 
S-glass/913 
glass/epoxy 
190 155 51 45.6 3.93 
1Based on manufacturer’s data 
2Calculated using manufacturer’s data 





Additional adhesives were utilised for the fabrication of specimens with retrofitted 
sensors: including an Araldite 2014/1 type two-part epoxy adhesive (Huntsman), 913 
resin film (Hexcel), a commercially available Permabond cyanoacrylate adhesive, and an 
M-Bond AE-15 two-part high-elongation adhesive system (Vishay) developed for the 




7.5.1. Sensor response and accuracy 
 
One of the key design parameters influencing the sensing performance of such 
hybrid composites is the critical or ineffective length of the sensing layer. Sensing layers 
shorter than the ineffective length are not capable of reaching the fibre fracture strain, 
hence rendering them unable to function properly. The assumed strain distribution along 
the length of the sensing layer is illustrated in Figure 7.4. 
 
 
Figure 7.4. Strain distribution in the sensing layer along its length (Ls) at trigger strain  
(if εc = εc,max) 
 
Calculations have been carried out to estimate the critical length Lc of different 










   (7.1) 
 
 where Ec is the Young modulus of the sensing carbon layer, εcmax is the strain to 
failure of the carbon layer, tc is the thickness of the sensing layer and τmax is the interfacial 
shear strength at the glass/carbon layer interface. τmax is assumed to be 100 MPa based on 
test results of the same resin system used in [301]. 
The critical length Lc is required to assess the transfer of tensile stresses (from the 
substrate) through shear to the sensing layer. This ineffective length is strongly dependent 
on the stiffness of the constituent sensor layers. The calculated values for the constituent 
layers are illustrated in Table 7.3. 
 
Table 7.3. Calculated critical length values for the carbon constituent layer(s) with 
different number of incorporated sensing plies 
 XN802  XN80 
Critical length [mm] 4.87 2.44 
 
Another key parameter to consider when designing such sensors is the sensor to 
substrate stiffness ratio. It is important to determine how much the stiffness of the 
substrate is affected by the sensor. Simple calculations can be carried out with respect to 
the axial stiffness of the sensor and substrate to check the stiffness increment caused by 
the sensors. Building on that, a simple elastic analytical model was developed that allows 
for an assessment of whether a calibration is necessary to account for this effect.  
The input parameters of the model include the moduli of the prepreg materials, 




coupons as well as the applied uniaxial load. In this manner, the sensor behaviour can be 
tailored to fit different substrate materials/components and trigger strains.  
The equivalent stiffness model determines average strains based on calculating an 
effective stiffness for a certain section of the specimen using simple series and parallel 
rules that account for the connection between the distinct materials. This model is 
dependent on the area of interest (along the free length of the specimen) and does not take 
through thickness strain variation into consideration as it is a pure tensile model not 
accounting for asymmetry induced bending. The model assumes a tensile specimen fitted 
with a long type hybrid composite sensor (see section 7.4.3) which is illustrated along 
with a schematic of the stiffness model in Figure 7.5. 
 
 
Figure 7.5. Schematic of the (a) side and (b) top view of an unidirectional tensile specimen 
equipped with a hybrid composite overload sensor, (c) schematic of the elastic stiffness 
model representing the behaviour of the UD laminate. 
 
In general, the lowest stiffness sensors on high stiffness substrates provide the 
most accurate results by not increasing the substrate stiffness significantly. It has to be 
noted that accuracy in this case represents the percentage error between the substrate 




model as a function of the substrate thickness for different grade carbon fibres. UD 
substrates with 60% fibre volume fraction was considered with the optimal hybrid sensor 
configuration (one layer of S-Glass/913 and one layer of XN80 carbon/epoxy. 
 
Figure 7.6. Accuracy of sensor strain measurement predicted by the analytical model 
 
 In practice, the sensors have to be made the thinnest and narrowest possible if the 
substrate has a relatively low stiffness. The graph above is a useful tool for deciding 
whether the sensors need to be calibrated or not as a first estimate when applying them to 
various stiffness structures. In order to achieve an error less than 10% with the carbon 
fibres utilized in this study, a minimum substrate thickness of 2.15 mm is required. The 
error calculated by the model represents the difference in average strain of the UD hybrid 
sensors (sensor strain between points X and Y on Figure 7.5) and the substrate (strain 
between points U and V on Figure 7.5) discarding the effect of bending. As the strain has 
a relatively small variation through the thickness, this simple model can give a reasonable 
indication of the extra stiffness added by the sensor and it is suitable for running 
parametric studies. 
Furthermore, to compare with the analytical predictions and the experimental 
measurements, a finite element model (FEM) was also set up in a commercial software 




the laminate along the gauge length of the specimen up until the end-tab regions. The 
analysis was carried out using conventional linear 4 noded S4R shell elements with the 
definition of linear elastic properties assuming transverse isotropy for the distinct 
materials as summarised in Table 7.4.  
An offset was applied to certain shell elements to account for the asymmetry and 
different thicknesses of the different regions on the specimen. A static load case was run 
where the specimen was encastre along one edge and loaded at the other one constraining 
all degrees of freedom except translation in the loading direction. Due to the length of the 
specimen the boundary conditions do not affect the stress/strain state of the sensor area. 
 
Table 7.4. Linear elastic material properties utilized in the finite element model 
















364.57 10.9 3.7 0.31 3.7 3.7 0.45 
IM6/950 
carbon/epoxy 
141.5 13 4.6 0.31 4.6 4.5 0.45 




All composite laminates have been fabricated similarly to the processes detailed 
in Chapters 3–6. Following hand lay-up, a standard vacuum bagging method was applied 
on a flat aluminium tool plate with additional silicone sheets placed on top of the 
laminates. 
They were then cured in an autoclave at the recommended temperature and 
pressure cycle. As different material combinations were used, the highest cure 
temperature and longest curing time of all the constituent prepregs’ individual cure cycles 
have been used to ensure full cure for all the prepreg systems and to obtain the desired 
mechanical performance. The curing cycle used for the co-cured plates - consisting of the 
substrate laminate and the hybrid sensor layers - as well as for the substrate plates cured 




of 2°C/min. In this material combination, the 137 °C peak temperature is due to the 
IM6/950 material’s curing cycle being 135 °C with an additional 2 °C overrun. The cycle 
used for the sensor laminates to be retrofitted was 165 mins at 127 °C, with 0.7 MPa 
applied pressure and a heating rate of 2°C/min. 
The 127 °C peak temperature in this case reflects the highest 125 °C cure 
temperature for the S-Glass/913 material, also with an additional 2 °C overrun. 
All the tensile test coupons were fabricated by using a diamond cutting wheel. 
Un-tapered, 1.7 mm thick end-tabs made of a balanced woven glass fibre fabric reinforced 
composite laminate were bonded to the specimens using an Araldite 2014/1 type epoxy 
adhesive system. The samples were then put into an atmospheric oven to cure the adhesive 
for 120 mins at 80 °C. Regarding the separately manufactured sensor laminates to be 
retrofitted, sensor strips were cut to the desired width and their surfaces were roughened 
with coarse sandpaper before attachment to the substrate/component. 
Various adhesives and methods have been utilised for bonding the sensors to the 
substrates. The two fabrication techniques included simple mechanical clamping and 
vacuum-assisted envelope bagging to ensure an adequate and uniform pressure while 
curing the adhesives. Both fabrication methods have been applied using the three 
previously mentioned adhesives, giving a total of 6 differently bonded retrofitted 
specimen types. 
 
7.5.3. Specimen configuration and geometry 
 
All sensors consist of one or two plies of XN80/epoxy and one ply of S-
glass/epoxy prepreg material. The schematic of the specimens both co-cured and 






Figure 7.7. An illustration of (a) a unidirectional tensile specimen equipped with hybrid 
composite strain sensor (b) separately manufactured sensor strips for retrofitting purposes. 
 
The nominal specimen dimensions were 260/160/20/2.4 mm overall length/free 
length (Lf) /width (w)/thickness (ts) respectively while nominal sensor dimensions were 
50/30 mm (long sensor) and 20/10 mm (short sensor) total length (Lt)/sensing layer length 
(Ls) respectively. The substrate laminates comprised 15 plies of unidirectional IM6/950 
carbon/epoxy prepreg.  
The co-cured specimens were fabricated with long, single and double ply 
XN80/epoxy sensor laminates in the central section on one side to investigate the effect 
of different stiffnesses added to the structure. The effect of the different integration 
methods was investigated by fabricating specimens with both co-cured and retrofitted 
sensors. 
After initial testing it was found that the single ply XN80/epoxy sensors worked 
satisfactorily and visually indicated the overload of the substrate. The retrofitted 




The retrofitted specimens were also equipped with both long and shorter length 
sensors to investigate the effect of sensing layer length on the sensor trigger strain. The 
curved sensors (see section 7.6) for the demonstrator application were fabricated using 
both longer and shorter sensor geometries as well as various widths depending on the 
geometry of the component they are designed for. A summary illustrating the various 
configurations can be found in Table 7.5. 
 
Table 7.5. Summary of the fabricated configurations 
 
 
7.5.4. Test methods 
 
Mechanical testing of both co-cured and retrofitted specimen types was carried 
out on an Instron 8801 100 kN test machine with wedge type hydraulic grips under 
uniaxial tensile loading and displacement control at a crosshead speed of 1 mm/min. The 
clamping pressure was kept high enough to avoid slippage of the specimens in the grips. 
Various local (sensor) and global strains (see Figure 7.5 or 7.7) were measured using an 
Imetrum videogauge system, with the test machine outputting the corresponding force 
signals. The high-definition extensometer videos recorded during the tests were kept 
mainly for determining the first fracture of the carbon sensing layer by visual inspection.  
Another optical analysis method, Digital Image Correlation (DIC) was also used 
in order to determine the strain distribution of the co-cured specimens fitted with single 
layer XN80/epoxy sensors. The specifications and parameters for the DaVis DIC 




Table 7.6. DIC measurement specifications 
Technique Stereo DIC 
Software LaVision DaVis 8.3.1 
Subset Size [pixels] 29 
Step Size [pixels] 10 
Camera VC-Imager 16MPixel 
Lens Tokina ATX AF 100/2.8 
Resolution [pixels] 3404 x 4800 
Field of view [mm] 101.4 x 66.8 
Spatial resolution [μm] 216 
Strain resolution [με] 135 
 
Additionally, a PCI-2 acoustic emission (AE) system was used to verify the onset 
of fragmentation in the hybrid sensors. The AE sensor acquiring the data and its settings 
were similar to the one discussed in Chapter 5 under section 5.3.2. The acoustic sensors 
were attached to the back face of the tensile specimens (bottom side of the substrate) by 
using a hot melt adhesive gun. Firstly, the sensors were positioned on the back face of the 
specimens with silicone grease underneath, then the hot melt adhesive gun was used to 
go around the circumference of the sensors and the glue was applied to hold them at their 
boundaries to the specimen. Silicone grease was used to provide sufficient acoustic 
coupling between the specimens and the sensors. Furthermore, each specimen was tapped 
by a stiff object at the start of the tests in order to provide a time reference point to the 







7.5.5. Results and discussion 
 
7.5.5.1. Sensor trigger strain identification 
 
Figure 7.8 (a) shows the load-strain response of a typical tensile specimen fitted 
with a long unidirectional hybrid sensor comprising a single ply of XN80 carbon/epoxy 
and S-glass/epoxy prepreg. Figure 7.8. (b) illustrates the response of such a coupon 
visually when triggered.  
The substrate strain (defined between points of U and V in Figure 7.7) represents 
the surface strain of the substrate only, the overall strain (defined between points U and 
Z in Figure 7.7) represents the overall extension measured along the free length of the 
specimen, while the sensor strain (defined between points X and Y in Figure 7.7) shows 
the surface strain of the sensor. The red dashed and continuous lines illustrate the strain 
and load respectively at which the first sensing layer fracture occurred. Stresses and 
strains were determined from the logged data based on visually inspecting the videos 
recorded during testing and extracting the time for the first visible fracture of the sensing 
layer. The load-strain curves of Figure 7.8 show how the stiffness of this specimen has 
been increased locally due to the integration of the sensor (difference between green and 
blue curves). This stiffening effect demonstrates that the trigger strain of the sensors has 






Figure 7.8. (a) typical load-strain response of a tensile specimen fitted with a co-cured, 
single layer XN80/epoxy UD hybrid sensor (b) illustrates the visual response of a typical 
coupon when triggered. 
 
7.5.5.2. Experimental validation for baseline configuration 
 
As mentioned earlier, preliminary tests have been carried out in order to 
investigate a range of stiffnesses (different number of carbon sesning layers) added to the 
structure. The minimum stiffness (one carbon sensing layer) satisfactorily indicated the 
overload of the substrate material.  
Then, a comprehensive set of specimens were tested with the optimal 
configuration: co-curing a long, single XN80 ply carbon/epoxy sensor to the substrate 
laminate. Co-curing was chosen as the attachment method as this proved to have the 
highest integrity of the sensor to the substrate and provided the most accurate sensor 
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All the results presented are average surface strain values. For these specimens, 
the average apparent stiffness (load per unit strain) at the section where the sensor is 
placed (measured between points X and Y on Figure 7.7) is 75.60 kN / % strain while at 
the substrate only section it is 66.69 kN /% strain based on the initial slope of the load-
strain curves. This resulted in a mismatch between the sensor and substrate strains at 
trigger which can be corrected [302]. 
Furthermore, - in addition to the optimal configuration -, co-cured long double 
XN80 ply sensor specimens and retrofitted (long and short single ply type) specimens 
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7.5.5.3. Comparison of different sensor configurations 
 
Regarding the co-cured configurations, both the long single (Table 7.7) and 
double ply (Table 7.8) sensors show consistency in measured overall and sensor strains 
and the stress state in the substrate at the appearance of the first crack. The sensor strains 
measured for these specimens at the first crack appearance in the sensor layer (0.52% and 
0.49% for single and double plies respectively) are close to the quoted failure strain (0.5%) 
of the UHM XN80 carbon fibres (see Table 7.2). The single XN80 ply carbon/epoxy 
sensor specimens exhibited slightly higher trigger strains at the first carbon failure than 
the ones with two plies. There are various factors that can contribute to this change.  
One of them is the hybrid effect [133]. In the case of a single XN80 ply sensor, 
the development of critical clusters is more restrained as the thickness of the sensing 
carbon ply (63 μm) is only in the order of a few fibre diameters, hence the formation of 
the first macroscopic crack may have been delayed. Another possible influence is the 




probability of finding defects of a certain size within the sensing layer, therefore 
increasing the strain at first fracture. 
When the sensing layer is thin, there is less added stiffness, and the sensor 
measures the substrate strain more accurately. However, in this case, the hybrid effect 
may increase the failure strain of the sensing layer, slightly increasing the strain of the 
substrate at which the sensor triggers. On the other hand, when the sensing layer is thick, 
the hybrid effect is negligible, but the substrate strain and the strain of the sensor may 
differ because of the added stiffness. This potential difference in strains could decrease 
the accuracy of the sensors, especially in the case of thin substrate components. Regarding 
the retrofitted specimens, they were only equipped with single XN80 ply sensors (Table 
7.8). The specimens with shorter sensors showed higher trigger strains as well as elevated 
stresses in the substrate at the first fracture of the sensing layer. This general trend, an 
increase in overall strain in the case of the specimens fitted with shorter sensors – is 
because the stress from the substrate and the glass layer was transferred to the sensing 
layer along the ineffective length of the layer (half ineffective length at both ends). The 
ineffective length is calculated to be 2.44 mm and 4.87 mm (see Table 7.3) for 
single/double XN80 ply sensing layers respectively (this is one of the reasons why there 
were no short double ply sensors tested). In the case of the retrofitted short, single ply 
sensor specimens, it means that approximately a quarter of the volume of the sensing 
layer is not fully loaded, hence the corresponding extra volume effect may have delayed 
the appearance of the first crack in the sensor slightly. Despite this, the short sensors may 
still be suitable for smaller components where it is not possible to fit the longer ones but 
they have to be designed with special attention to the effects highlighted above and 








7.5.5.4. Comparison of analytical, FEA prediction and experimental measurements 
 
In order to compare the results of the basic analytical model (neglecting the effect 
of bending), and the more accurate one by the FEA (accounting for bending), a common 
load case had to be set.  
A single XN80 ply carbon/epoxy long sensor specimen was theoretically loaded 
with a uniaxial tensile load of 20kN (~0.3-0.4% strain). This preceded the failure strain 
of the UHM carbon fibres hence keeping the load case in the linear region of the stress-
strain curves (as it is seen in Figure 7.8). 
The results were validated against strain gauge measurements. There were two 
specimens where strain gauges were placed on the top surface of the glass layer of a co-
cured sensor and on the back surface of the substrate. These gauges were placed in order 
to determine the strains through the thickness of the specimens at a given cross section 
within the sensor area. A summary of the results compared with the strain gauge 
measurements can be seen in Table 7.9.  
 
Table 7.9. Summary of the strain results output by different models for a 20kN load case 
at the sensor area. The table shows the calculated curvatures and strain variation between 
the topmost and bottommost surfaces of the specimen. 
*The analytical model outputs a constant average strain across the thickness of the 



























model 0.282* 0.282* 0.282 n/a n/a 
FE model 0.260 0.303 0.282 -0.171 14 
Strain gauge 




Figure 7.9 shows the contour of strain output by the FEA for (a) the bottommost 
point of the substrate and for (b) the topmost point of the glass layer. Figure 7.9 (c) 
illustrates the comparison of through thickness strain distributions predicted by FEA and 
measured by the strain gauges. The graph shows the difference between the predictions 
and experimental values. On the vertical axis, zero represents the bottom of the 
substrate/backface of the specimen. 
 
 
Figure 7.9. Contours of axial strain in the (a) top-most point of the glass layer; (b) bottom-
most point of the substrate (c) comparison of through-thickness strain variation from 
different models and strain gauge measurements. 
 
As shown in Table 7.9, the strain calculated by the analytical model exhibits a 
large deviation from the strain gauge results. It is due to the nature of the calculation not 
accounting for bending, which assumes uniform strains through the thickness of the 
laminate. The FEA model is much more realistic, capturing the actual geometry and 
boundary conditions of the specimen with the sensor (giving the deflected shape and 
variation along the length). However, the through thickness average strains are 




only around 1% when compared to the experimental value. The reason for the small 
deviation are believed to arise from i) the assumptions made (material properties, 
boundary conditions) and ii) the accuracy of the measurement system (e.g. misalignment 
of gauges). 
7.5.5.5. Damage visualization and trigger strain verification 
 
Digital Image Correlation (DIC) and Acoustic Emission (AE) measurements have 
been carried out to verify the time and appearance of the first sensing layer fracture. 
The strain distribution of a co-cured specimen with the optimal sensor 
configuration can be seen in Figure 7.10. The original specimen and the area used for the 
analysis is shown in Figure 7.10 (a), while the other plots show the strain distribution 
before carbon layer fragmentation in Figure 7.10 (b), at first crack appearance in Figure 
7.10 (c), and after well dispersed cracking and local delamination in the hybrid composite 
sensor in Figure 7.10 (d). The area used for DIC analysis only covered half the width of 
each specimen, as the other half was used for visual confirmation of the sensor concept 






Figure 7.10. Longitudinal strain distribution of a specimen equipped with a co-cured 
single ply long XN80/epoxy and S-Glass/epoxy sensor. The figure illustrates (a) the 
original specimen and the area used for DIC analysis, (b) the strain distribution on the 
surface of the specimen before carbon layer fragmentation (c) at first crack appearance in 
the carbon sensing layer (d) after well-dispersed cracking and local delamination 
occurring in the hybrid sensor laminate. 
The numbered regions in Figure 7.10 represent distinct areas of the specimens: (1) 
substrate only (2) substrate + glass layer and (3) substrate + glass + carbon sensing layer.  
Local strain concentrations can be observed at the transitions between different 
material regions. In order to quantitatively assess the strain variation and more adequately 
resolve the strain field, a high resolution DIC measurement system should be used 
specifically directed at a smaller area - Region of Interest (ROI) - eg. around the sensors: 
region (3) on Figure 7.10 (a). 
In order to further confirm how accurately the trigger strain of the sensors is 
determined, the results were also compared with acoustic emission measurements on the 
specimens. Figure 7.11 illustrates the (a) acoustic emission energy and (b) cumulative 
acoustic energy as a function of the applied load in the case of a co-cured specimen fitted 






Figure 7.11. Typical AE results of a specimen fitted with the optimal sensor configuration: 
(a) acoustic emission energy and (b) cumulative energy in function of the applied uniaxial 
tensile load. 
 
 The onset of fragmentation in the sensing carbon layer is accompanied by a 
significant rise in the cumulative energy, as shown in Figure 7.11 (b). This corresponds 
to the AE energy diagram where fragmentation initiates at the same time as the rise of 
cumulative energy. The appearance of the striped pattern and the obtained AE signals 
show similarities with the work carried out by Fotouhi et al. [303] who correlated the 
number of AE events in a UD carbon/S-glass hybrid laminate with direct observations of 
fragmentation during the loading of the specimens.  
According to Figure 7.11 (b), the onset of fragmentation from the AE starting at t 
= 84.69 s matches the appearance of the first crack in the carbon sensing layer observed 
and extracted from the recorded videos (t = 84.81 s). 
 
7.5.5.6. Comparison of adhesives for retrofitted specimens  
 
A brief study was carried out to determine the complexity and quality of the 
different bonding methods. It was concluded that the Araldite two-part epoxy adhesive, 
the MBond AE15 high elongation strain gauge epoxy adhesive and the Hexcel 913 resin 




these adhesives, all the sensors exhibited the expected striped pattern without any 
premature debonding. Overall, it can be stated that the Araldite epoxy system was the 
easiest and most cost efficient to apply, however the more expensive high strain MBond 
epoxy adhesive exhibited the best surface finish due to its translucent nature and low 
viscosity. The cyanoacrylate adhesive did not provide sufficient bonding between the 
sensor and the substrate material as the sensor delaminated during uniaxial tensile testing. 
 
7.6. Application case study 
 
In order to demonstrate the overload sensor concept, single ply XN80/epoxy short 
and long hybrid composite sensors were integrated on a commercially available carbon 
fibre reinforced polymer (CFRP) bike handlebar. The 3T Flat 720 Team Stealth mountain 
bike (MTB) mount flat handlebar was retrofitted with both long and short type sensors 
and a three-point bending test was carried out on the structure. The same test in a similar 
set-up was repeated for a handlebar without any sensors attached to it.  
Due to the tubular shape of the component, the sensors had to be pre-curved in the 
appropriate direction (longitudinally or transversely to the fibres in the sensor) according 
to the loading conditions of the application. The sensor laminates were laid up onto an 
aluminium tube that was surface treated by a release agent (Loctite Freekote 700 NC). 
An envelope bagging process was applied on a hollow aluminium tool before autoclave 
curing.  
The same diameter tooling was chosen, matching the curvature of the bike 
handlebars. For the retrofitting of these curved sensors, an Araldite 2014/1 type epoxy 
system has been utilised in a similar way to applying strain gauges for composite 
materials [304]. Additionally, to ensure a good surface quality and void free bonding, 
vacuum assisted envelope bagging was used when curing the adhesive in an atmospheric 
oven at 80 °C for 2 hrs.  
The force-displacement curves of the tested mountain bike (MTB) handlebars can 
be seen in Figure 7.12. The graph highlights the point at which the long sensors activated 
as well as marking the load (1000 N) that generally applies for the testing of Racing 






Figure 7.12. Force-displacement curves of the tested CFRP bike handlebars 
 
Whilst the shorter sensors did not trigger for the applied load of 2700N, the first 
carbon layer fracture of the long sensors - visualizing the overload of the bar - was 
observed at 1750 N.  It is worth noting that there was no stiffness increase observed on 
the force-displacement graphs indicating that the attached sensors did not make a 
significant difference to the loading of the tested handlebar.  
The illustration of the handlebar with various sensors integrated to it can be seen 
in Figure 7.13. Overall, it can be said that the long sensors applied to the bike handlebar 
performed well in demonstrating the sensor concept and providing a warning to the user 






Figure 7.13. Bike handlebar fitted with hybrid composite overload sensors: (a) MTB 
Racing flat handlebar, retrofitted with (b) long single layer (c) short single layer sensors 
 
7.7. Conclusion and future work 
 
A novel Structural Health Monitoring (SHM) concept has been proposed that visually 
indicates the strain overload of a structure. The unidirectional (UD) hybrid composite 
sensors clearly exhibit a change in appearance when loaded over a predefined strain value. 
These purpose-designed composite sensors are lightweight, robust and completely 
wireless, hence it is a very promising technology in advanced safety-critical applications 
especially in the fields of sporting goods, civil engineering or pressure vessels.  
They are highly tailorable as (i) they can be embedded or locally integrated to the 
structure, (ii) they can be designed for the desired application both in terms of the 
magnitude and direction of overload strain (applicable strain range: 0.3%-2%) and (iii) 




The most important influencing parameters of such sensors are the ineffective 
length and the stiffness of the sensor relative to that of the substrate material. The sensor 
has to be designed for the substrate material/component for optimum performance.  
An overall increase in the trigger strain was found for the shorter length sensors 
rendering them less accurate for overload strain indication. This is because a significant 
part of the short sensing layer was inactive. Therefore, it is recommended to use a sensor 
layer length of at least 5 times the critical length. An optimal configuration was found 
incorporating long single plies of XN80/epoxy and S-glass/epoxy material (30 mm for 
the sensing- and 50 mm for the translucent layer). The proof of concept of the presented 
hybrid composite sensors has been successfully demonstrated through mechanical 
characterisation on a coupon level and the integration of such sensors to a real-life 
application demonstrator: a CFRP bicycle handlebar. 
Building up on the work presented here, a case study by Varkonyi B. [300] 
investigated methods to lower the trigger strain of the hybrid composite overload sensors 
and increase the applicability of the technology for high performance structural 
applications where allowable strains are rather low. The approaches were either using a 
different, lower failure strain and higher modulus carbon fibre sensing layer – YS-90 
carbon/epoxy – or pre-weakening the sensing element in the hybrid sensors. By using a 
different material, a significant 18.5% decrease in the trigger strain was found when 
compared to the XN80 fibre type. Pre-weakening the sensing element reduced the trigger 
strain below 0.3%, expanding the strain range of the technology. Additionally, a new 
method was proposed to further understand the maximum strain experienced by the 








Chapter 8  
 
Conclusions and Future work 
 
In the previous chapters various ways were presented showing how the failure of thin-ply 
carbon/epoxy composites can be controlled. The foundation to such laminate design was 
the basic characterisation of the material. Three concepts were presented with different 
multi-axial stress states imposed on the UD material through smart laminate design: the 
scissoring of angle-plies inducing transverse compression (Chapter 4) or transverse 
tension (Chapter 6), and thermal residual stresses generating transverse tension (Chapter 
5). Additionally, a hybrid composite overload sensor concept was investigated that is 
based on the controlled failure of the incorporated thin-ply carbon/epoxy material. 
Overall, it can be said that the main aims and objectives of this thesis have been achieved. 
Firstly, novel specimen designs were created to investigate the effect of different stress 
components on the fibre direction failure strain/strength of the material. Secondly, thin-
ply materials were successfully utilized to delay or suppress unwanted damage 
mechanisms such as micro-cracking and free edge delamination. By the combination of 
using thin-ply composites and designing for controlled failure (eg. by purpose designing 
the stress states within the material), reliable methods are developed that can help 
determine the failure properties rather accurately. In this chapter, the key findings are 
discussed in the context of failure prediction for composite materials and some directions 







A framework was created using thin-ply materials that enables the development 
of novel laminate designs and tests to be carried out and acquire results that have not been 
previously possible. 
The novelty of the PhD lies in generating in-plane multi-axial stress states in the 
UD material without having to apply additional external loads to the specimens. This way, 
such multi-axial loading scenarios can be imposed by using the simplest testing method 
in the mechanical characterisation of composites: a static tensile test. Additionally, the 
key limitation of such tensile tests – stress concentrations at the gripping areas – is also 
addressed by incorporating additional glass/epoxy layers to the laminate structure hence 
eliminating grip failures and providing an accurate representation of the material 
properties. The hybrid specimen testing method to eliminate stress concentrations was 
previously demonstrated only for UD composites, but in this thesis, it was successfully 
demonstrated for a range of multi-directional composite laminates and tests as well. 
Consequently, gauge section failures were achieved for different load cases both in 
tension and compression, under multi-axial loadings. These gauge section failures 
achieved are especially important as it was obtained whilst eg. having a very high in-
plane transverse compression imposed on the UD layers.  
The utilization of thin-ply composites allows for largely suppressing micro-
cracking and edge delamination until reaching ultimate fibre failure which is usually 
catastrophic. Even if not all damage is suppressed, local damage does not necessarily 
cause significant reduction in the mechanical properties (see Chapter 5), yet it makes it 
possible to extend the ‘straining window’ of composite structures. The capability of the 
examined thin-ply carbon/epoxy has been proven through various characterisation tests 
as well as through controlled failure tests using smart laminate design.  
Overall, when examining the tension side of the failure locus, the three stress 
components that can affect tensile failure are tension, compression and shear. In this thesis, 
it was demonstrated that (even very high) in-plane transverse compressive stresses do not 




For shear, it was concluded previously by Jalalvand et al. [134] that in-plane shear 
stress does not have a significant influence on the tensile failure strain of TC35 
carbon/epoxy composites as highlighted in the concluding remarks of Chapter 4. 
With regard to in-plane transverse tension, it was shown that the generated 
stresses were sufficient to induce cracks in the 90° layers adjacent to the central 0° block 
in the cross-ply configurations. Transverse cracks could be expected to impose a larger 
effect on failure (due to the arising stress concentrations) than the stresses generated prior 
the initiation of micro-cracking. Matrix cracking was found to be a parameter influencing 
the tensile strength properties, but its overall effect is considered small. Consequently, 
one can postulate that the generated transverse tensile stresses are unlikely to significantly 
affect tensile failure either. Concluding for the tension quadrant, it can be inferred that 
other stress components do not have a significant influence on the tensile failure 
properties. To look at the impact of such results, it has to be noted that a lot of industries 
use the Maximum Stress or Maximum Strain (limit) criteria (not taking the interaction of 
other stress components into account) as the basis of their designs. Hence, the results 
presented (using maximum strain as failure allowable) for tension are consistent with 
what is often done in industry, provided that the strain is reasonably conservatively taken. 
 Compression in general seems to be more sensitive to transverse stresses than 
tension, hence the conclusions on tensile failure criteria do not apply in this case. It was 
shown, that transverse cracks due to transverse tensile stresses can result in a reduction 
in the longitudinal compressive strength of the material. 
The interaction of compression and shear was also investigated for example by 
Jelf and Fleck [306] who showed a decrease in compressive strength with increasing shear 
stresses for composite tubes under combined compression and torsion. Industrial design 
for compression failure is highly influenced by impact damage considerations. Hence 
standard failure criteria and laminate analysis alone may not be sufficient to design 
composite structures against compressive loadings. 
An additional impact is that by the findings of this PhD and the reliable 
experimental data generated, a more comprehensive understanding of the failure and 




existing literature on composite materials and makes it possible to compare with existing 
failure theories and models.  
Finally, the presented UD hybrid composite sensors offer a reliable solution to 
indicate the overload of structures and components, especially since composite materials 
fail catastrophically, usually without warning of any kind. These sensors can be used in 
industry for Structural Health Monitoring (SHM) and if overload is indicated with enough 
accuracy and in time, smaller safety margins could be implemented. 
 
8.2. Future work 
 
The work presented in this thesis covered various aspects of thin-ply, multidirectional 
laminates and in this section, some key areas will be covered where further investigation 
is recommended by the author with regard to the specific chapters presented. 
Overall, the author recommends looking at the interaction of longitudinal 
compression and transverse compression as future work to complete the investigation 
with regard to the compression loading quadrant. Furthermore, it is recommended that 
the developed laminate designs and generated multi-axial stress states should be applied 
to different types of carbon composite materials. 
 
Chapter 3 
As can be seen in Chapter 4, the angle-ply/UD specimens exhibited a highly non-
linear behaviour under combined loading of longitudinal tension and transverse 
compression. To further investigate this non-linearity, better understand the material 
behaviour in the transverse direction and estimate the shear stresses in the angle-ply 
laminates more accurately, the transverse compressive stress-strain response of the 
material needs to be characterised for TC33/K51. Hence, it is suggested to use thicker 
specimens or design a better fixture so that transverse compression tests can be carried 






 In the experimental campaign the longitudinal and transverse strains are measured 
for the different configurations with varying amount of transverse compression generated 
in the UD plies. From the measured strains, linear assumptions were used to estimate the 
stresses generated in the laminates taking account for the Poisson effect and the thermal 
residual stresses. Since non-linearity plays an important role in the mechanical response 
of such thin-ply carbon epoxy, a non-linear approach could be used for estimation of the 
stresses. The applied strains remain high in relation to the load bearing capacity of the 
fibres. A suggestion for better representation of stresses is to utilize a progressive failure 




 It is recommended to use alternative approaches such as auxetic laminate design 
[181] (exhibiting a negative major Poisson’s ratio) to design laminates exhibiting a multi-
axial stress state of longitudinal tension and transverse tension in the material. Often in 
such designs, other stresses such as shear could be present in the laminates. However, 
when investigating the coupled behaviour with shear present in the laminate - knowing 
that shear does not affect the tensile failure – conclusions could be drawn on the 
interaction of longitudinal tension and transverse tension as well as on the combination 
of all three stress components present at the same time. With regard to the presented 
results, it can be stated that the reduction of strength due to the presence of free-edge and 
transverse cracks is small and has been qualitatively explained. However, to gain more 
understanding of the magnitude of stress concentrations imposed by the edge cracking on 
the UD strength, a 3D analysis with a fine mesh through the thickness and interface 








 The damage state of the specimens needs further examination in order to be able 
to verify the presence or absence of transverse cracks in the Type I and Type II laminates. 
Acquiring such data would enable more definite conclusions on ply thickness effects and 
the strength reduction trends observed. Potentially, in-situ X-CT examination of 
interrupted specimens, and/or optical microscopy observations could provide such 
information about the fabricated coupons. 
 
Chapter 7 
For the development of the sensor technology presented, the key parameters 
identified in the chapter (ineffective length and the stiffness of the sensor relative to that 
of the substrate material) as well as the underlying failure mechanism need to be further 
studied. For the design of such sensors, new material combinations exhibiting similar 
failure patterns can be exploited. It is also suggested to look at the potential of surface 
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Appendix A – Chapter 5 
 
 
Figure A.1 X-CT image taken of a Type 1 specimen interrupted at 84.5 % of the peak 
failure load with maximum highlight showcasing dye penetrated areas typically 






Appendix B – Chapter 6  
 
 
Figure B.1. Generated laminates defined by the DOE and categorised by the orientation 







Figure  B.2. Generated laminates defined by the DOE and categorised by the predicted 






Figure B.3. Generated laminates defined by the DOE and categorised by the predicted 


















Figure B.6. Higher resolution stitched images taken by optical microscopy of the 







Figure B.6. Higher resolution stitched images taken by optical microscopy of the 
investigated Type IV coupon 
